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Preface
In virtually any area of human activity, Cyber-Physical Systems (CPS) are emerging. CPS are truly
complex, designed systems that integrate physical, software and network aspects. To date, no unifying
theory and no systematic design methods, techniques and tools exist for such systems. Individual
mechanical, electrical, network or software engineering disciplines only offer partial solutions. Multi-
paradigm Modelling (MPM) proposes to model every part and aspect of a system explicitly, at the most
appropriate level(s) of abstraction, using the most appropriate modelling formalism(s). Modelling
language engineering, including model transformations, and the study of their semantics, are used to
realize MPM. MPM is seen as an effective answer to the challenges of designing CPS.
The COST Action IC1404: Multi-Paradigm Modelling for Cyber-Physical Systems (MPM4CPS)
aims to promote foundations, techniques and tools for multi-paradigm modelling for cyber-physical
systems, and to provide educational resources to both academia and industry. This will be achieved
by bringing together and disseminating knowledge and experiments on CPS problems and MPM so-
lutions.
The fifth MPM4CPS workshop took place on November 24-25, 2016 in Malaga, Spain. The
program comprised presentations of MPM4CPS COST Action members discussing their work on
foundations, techniques, application domains, and education in MPM4CPS, as well as joint work
meetings. These proceedings collect the presentations given at the workshop. They cover many
different aspects of multi-paradigm modelling for cyber-physical systems including, but not limited to
– foundations of MPM4CPS including
– language engineering,
– model transformations,
– verification paradigms,
– traceability;
– techniques in MPM4CPS including
– co-simulation,
– uncertainty modelling,
– model-driven testing,
– predictive analysis;
– application domains of MPM4CPS in the
– automotive industry,
– aviation industry,
– smart grids,
– robotics;
– education in MPM4CPS.
We would like to thank the presenters contributing their work to the MPM4CPS COST Action.
Furthermore, we would like to thank Antonio Vallecillo, Loli Burgueño and Tanja Mayerhofer for
organizing the workshop.
December 2016
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0RGHOLQJ0RELOLW\XVLQJ'\QDPLF
7RSRORJ\0RGHOV
)HUQDQGR-%DUURV
'HSW,QIRUPDWLFV(QJLQHHULQJ
8QLYHUVLW\RI&RLPEUD
3RUWXJDO
0DODJD6SDLQ1RYHPEHU
IC1404 – Multi-Paradigm Modelling for Cyber-Physical Systems
 7KHUHSUHVHQWDWLRQRIVSDWLDOO\PRYLQJHQWLWLHVLV
FRPPRQO\DFKLHYHGXVLQJSXEOLVKVXEVFULEH
FRPPXQLFDWLRQ36&
 36&FDQEHFRPHFRPSOH[DQGLQHIILFLHQW
 UHTXLUHVWKHGHILQLWLRQRIUHJLRQVRILQWHUHVW
 JHQHUDWHVIDOVHSRVLWLYHPHVVDJHV
 &RQYHQWLRQDOVWDWLFSHHUWRSHHU
FRPPXQLFDWLRQ33&WKRXJKXVXDOO\PRUH
HIILFLHQWGRHVQRWKDYHWKHUHTXLUHGIOH[LELOLW\WR
UHSUHVHQWPRELOHHQWLWLHV
,QWURGXFWLRQ
1
 :HKDYHGHYHORSHGWKHLQWHJUDWLRQRI36&DQG
33&VW\OHVXQGHUWKHKLHUDUFKLFDODQGPRGXODU
G\QDPLFWRSRORJ\SDUDGLJP
 7KHXQLILFDWLRQLVDFKLHYHGXVLQJUXQWLPH
WRSRORJ\DGDSWDWLRQ
O ,WLQYROYHVWKHG\QDPLFFUHDWLRQGHOHWLRQRI
OLQNVWRFDSWXUHWKHFXUUHQWLQWHUDFWLRQV
EHWZHHQHQWLWLHV
 7KHDUFKLWHFWXUHFRPELQHVWKHDGYDQWDJHVRI
36&DQG33&HQDEOLQJDIOH[LEOHVLPXODWLRQ
DUFKLWHFWXUH
,QWURGXFWLRQ
 7KHDUFKLWHFWXUHVXSSRUWVWZRW\SHVRI36&
VW\OHV
 WKHWUDGLWLRQDOSXVKVW\OHo HYHQWV
 WKHQRYHOSXOOVW\OHo VDPSOLQJ
  DEVWUDFWVLQIRUPDWLRQUHTXHVWDQGLQIRUPDWLRQ
VHQGLQJ
  HQDEOHVH[DUDGDUWRVDPSOHDWLWVRZQUDWH
 %HQHILWVDUHGHPRQVWUDWHGWKURXJKWKHPRGHOLQJ
RIDQDLUGHIHQVHVFHQDULRGHVFULEHGLQWKH
+\)ORZ PRGHOLQJDQGVLPXODWLRQIUDPHZRUN
,QWURGXFWLRQ
2
3XVK&RPPXQLFDWLRQ
3XOO&RPPXQLFDWLRQ
3
 7KH+\EULG)ORZ6\VWHP6SHFLILFDWLRQ+\)ORZLVD
IRUPDOLVPDLPHGWRGHVFULEHKHWHURJHQHRXVV\VWHPV
 +\)ORZ FRPELQHVWUDGLWLRQDOHYHQWEDVHGV\VWHPVDQG
WKHQRYHOFRQFHSWRIJHQHUDOL]HGVDPSOLQJ
 +\)ORZ FDQGHVFULEHGHQVHWUDMHFWRULHVWKURXJKWKH
FRQFHSWRIFRQWLQXRXVIORZ
 7UDMHFWRULHVFDQEHVDPSOHGHQDEOLQJWKHGHVFULSWLRQRI
QXPHULFDOPHWKRGVIRU2'(RUGLQDU\GLIIHUHQWLDO
HTXDWLRQLQWHJUDWLRQDQGHYHQWGHWHFWLRQ]HURFURVVLQJ
GHWHFWRU
+\)ORZ )RUPDOLVP
 +\)ORZ KDVWZRW\SHVRIPRGHOVEDVLFDQG
QHWZRUN
 $EDVLFPRGHOFDQUHDGDQGSURGXFHFRQWLQXRXV
DQGGLVFUHWHIORZVHYHQWVDQGLWSURYLGHVWKH
EDVLFRSHUDWRUVIRUVWDWHUHSUHVHQWDWLRQDQG
G\QDPLFEHKDYLRU
 $QHWZRUNPRGHOLVDFRPSRVLWLRQRIEDVLF
PRGHOVDQGRURWKHUQHWZRUNPRGHOVSURYLGLQJ
DQDEVWUDFWLRQIRUUHSUHVHQWLQJKLHUDUFKLFDO
V\VWHPV
+\)ORZ-8VH 0	6(QYLURQPHQW
4
+\)ORZ %DVLF0RGHO
+\)ORZ
;F
;G
<F
<G
+\)ORZ %DVLF0RGHO
5
+\)ORZ %DVLF0RGHO
+\)ORZ %DVLF0RGHO
6
*HQHUDWRU%DVLF0RGHO
=HUR&URVV%DVLF0RGHO
7
+\)ORZ 1HWZRUN0RGHO
class GeneratorZeroCross extends Executive {
public void topology() {
super.topology();
addComponent(Generator, "Generator");
addComponent(ZeroCross, "ZeroCross");
link("Generator", "DF", "ZeroCross", "event");
link("ZeroCross", "sample", "Generator", "CF");
link("ZeroCross", "Z", "Executive", "detect");
}
public void detect(double clock, double value) {
println "$clock\t$value";
}
}
+\)ORZ-8VH 0	6(QYLURQPHQW
8
 7KHWRSRORJ\FRPSRVLWLRQDQGOLQNLQJRI
+\)ORZ QHWZRUNVLVG\QDPLFHQDEOLQJWRDGMXVW
WKHPRGHODFFRUGLQJWRIRUH[DPSOHWKHGLVWDQFH
EHWZHHQPRYLQJHQWLWLHV
 ,WEHFRPHVSRVVLEOHWROLQNPRELOHHQWLWLHVWKDW
DUHZLWKLQVHQVRUUDQJHDQGWRUHPRYHWKHVH
FRPPXQLFDWLRQOLQNVZKHQHQWLWLHVEHFRPHIDU
DSDUW
+\)ORZ-8VH 0	6(QYLURQPHQW
 1HWZRUNWRSRORJ\LVPDQDJHGE\WKH+\)ORZ
H[HFXWLYHFRPSRQHQW
 7KLVHOHPHQWLVD+\)ORZ EDVLFPRGHOLQFUHDVHG
ZLWKWRSRORJ\PDQDJHPHQWRSHUDWLRQV
 7KLVGHVLJQHQDEOHVWKHGLUHFWFRPPXQLFDWLRQRI
WKHH[HFXWLYHZLWKWKHRWKHUQHWZRUNFRPSRQHQWV
 &RPSRQHQWVFDQPDNHUHTXHVWVWRPRGLI\WKH
WRSRORJ\DQGDOVRWRUHWULHYHLQIRUPDWLRQDERXW
WKHFXUUHQWQHWZRUNWRSRORJ\
+\)ORZ-8VH 0	6(QYLURQPHQW
9
 7KH+LJK/HYHO$UFKLWHFWXUH+/$LVD
VWDQGDUGIRU0	6
 +/$LVEDVHGRQSXEOLVKVXEVFULEH
FRPPXQLFDWLRQ36&
 +/$HQDEOHVWKHLQWHURSHUDELOLW\RIVLPXODWRUV
WRFUHDWHFRPSOH[VFHQDULRV
 +/$VXSSRUWVIHGHUDWHVDQGIHGHUDWLRQVD
FRPELQDWLRQRIIHGHUDWHV
+/$2YHUYLHZ
 +/$REMHFWVFDQEHXVHGWRDFKLHYHWKH
FRPPXQLFDWLRQWKURXJKVKDUHGPHPRU\
 +/$REMHFWVDUHSDVVLYHHQWLWLHVGHSHQGLQJRQ
IHGHUDWHVWREHPRGLILHG
 7KHIHGHUDWHVLQYROYHGLQ+/$REMHFW
PDQDJHPHQWDQGLQIRUPDWLRQUHWULHYDOKDYHWKHLU
UHXVHVHYHUHO\OLPLWHG
+/$2YHUYLHZ
10
 +/$57,FDQQRWEHPRGLILHG
 QRVXSSRUWIRU33&
 +/$VXSSRUWVRQO\IODWPRGHOV
 FRPSOH[PRGHOVEHQHILWIRUPDKLHUDUFKLFDO
UHSUHVHQWDWLRQ
 +/$LPSRVHV36&
 33&FDQSURYLGHDEHWWHUUHSUHVHQWDWLRQ
 +/$LVEDVHGRQWKHGLVFUHWHHYHQWSDUDGLJP
 KRZWRUHSUHVHQWFRQWLQXRXVPRGHOV"
 PRYLQJHQWLWLHV"
+/$/LPLWDWLRQV
 3XEOLVKVXEVFULEHRSHUDWLRQVSURYLGHDQ
DEVWUDFWLRQIRUGHVFULELQJG\QDPLFWRSRORJLHV
 1HZFRPSRQHQWVFDQEHDGGHGUHPRYHG
G\QDPLFDOO\WRIURPDQHWZRUNZLWKRXWDIIHFWLQJ
WKHH[LVWLQJFRPSRQHQWV
 33FRPPXQLFDWLRQLVPRUHHIILFLHQWIRU
UHSUHVHQWLQJNQRZQOLQNV
 QRIDOVHSRVLWLYHPHVVDJHV
 UHTXLUHVQRILOWHUV
 2XUVROXWLRQ
 8VHG\QDPLF33&WRUHSUHVHQW36&
&RPELQLQJ33ZLWK36&
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&RPELQLQJ33ZLWK36&
 7RSRORJ\FDQEHGHVFULEHGLQDFRPSDFWPDQQHU
E\EXONFRPPDQGV
 'URQH'URQH
 SXEOLVK&)[\
 SXEOLVK')FRPP
 5DGDU
 VXEVFULEH&)[\
 VXEVFULEH')FRPP
 %XONFRPPDQGVFDQEHPDSSHGLQWR33&OLQNV
LQ-8VH+\)ORZ
 3URYLGHVWKHXQLILFDWLRQRI36&DQG33&
&RPELQLQJ33ZLWK36&
12
 ,QPDQ\PRGHOVZHZDQWWROLQNHQWLWLHVWKDWDUH
NQRZQWRLQWHUDFW
 3XUVXHUGURQH
 $SXUVHULVRQO\FRQQHFWHGWRRQHWDUJHW
ZK\XVLQJ36&"
 5DGDUGURQH
 $FFXUDWHGHWHFWLRQUHTXLUHVDGDSWLYH
VDPSOLQJGHSHQGLQJRQEHDPGURQH
GLVWDQFH
 +\)ORZ H[HFXWLYHFDQFUHDWHG\QDPLFOLQNVWR
VXSSRUW33&FRPPXQLFDWLRQ
&RPELQLQJ33ZLWK36&
&RPELQLQJ33ZLWK36&
13
 6SDWLDOSDUWLWLRQLQJFDQEHLQWHJUDWHGZLWK33&
LQRUGHUWRDFKLHYHDQHIILFLHQWGHVFULSWLRQRI
PRELOHHQWLWLHV
 :HFRQVLGHUDUHJLRQRILQWHUHVW52,PDQDJHU
FRPSRQHQWZLWKWKHDELOLW\WRNHHSWUDFNRI
SXEOLVKVXEVFULEH
 (QWLWLHVFDQGHFODUH52,VWRWKHPDQDJHU
 ZKHQWKHVHUHJLRQVRYHUODSWKLVFRPSRQHQW
VHQGVDVLJQDOWRWKHH[HFXWLYHWKDWFDQDGDSW
WKHWRSRORJ\
$LU'HIHQVH
$LU'HIHQVH
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52,V
52,V
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3HHUWR3HHU&RPPXQLFDWLRQ
52,V
16
 $VHQWLWLHVPRYHWKHLUUHJLRQVRILQWHUHVWZLOO
HYHQWXDOO\RYHUODS
 7KHPDQDJHUXSRQRYHUODSGHWHFWLRQVHQGVD
UHTXHVWWRWKHH[HFXWLYHWKDWZLOOFUHDWHDOLQN
EHWZHHQWKHUDGDUDQGWKHGURQHVRLWFDQEH
WUDFNHG
 'URQHFDQQRWEHXVHGLQFRQYHQWLRQDOSXEOLVK
VXEVFULEHFRPPXQLFDWLRQVLQFHLWVLQWHUIDFHGRHV
QRWPDWFKUDGDUVDPSOLQJSRUW[\
 'URQHSRUW[\0LFRQYH\VWKHSRVLWLRQLQPLOHV
ZKLOHWKHUDGDUUHTXLUHVWKLVLQIRUPDWLRQLQNP
$LU'HIHQVH
 7KHFRPPXQLFDWLRQEHWZHHQWKHUDGDUDQG
'URQHLVHVWDEOLVKHGE\WKH-8VH+\)ORZ
FRPPDQG
link("Radar","xy","Drone-4", "xyMi", 
x->x, mi->[1.61*mi[0],1.61*mi[1]])
$LU'HIHQVH
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$LU'HIHQVH
 +\)ORZ G\QDPLFSHHUWRSHHUFRPPXQLFDWLRQLV
DEOHWRUHSUHVHQWSXEOLVKVXEVFULEH
FRPPXQLFDWLRQ
 ,WFDQDOVRUHSUHVHQWWKHVSDFHSDUWLWLRQLQJ
DOJRULWKPVUHTXLUHGWRREWDLQDQHIILFLHQW
UHSUHVHQWDWLRQRIPRYLQJHQWLWLHV
 $GGLWLRQDOO\SHHUWRSHHUOLQNVFDQEH
HVWDEOLVKHGXVLQJ-8VH+\)ORZ DGDSWHU
FDSDELOLWLHV
$LU'HIHQVH
18
 6FHQDULRZLWKWZRDLUERUQHUDGDUV5DQG5
PRYLQJDWFRQVWDQWYHORFLWLHVZLWKIL[HGUDGLXV
WUDMHFWRULHV
 7ZRGURQHV'DQG'PRYLQJDWDFRQVWDQW
YHORFLW\EXWZLWKDSLHFHZLVHFRQVWDQWUDGLXV
WKDWFKDQJHVDWUDQGRPWLPHV
 7KHUDGDUVDUHPRGHOHGE\WKHLUURWDWLQJEHDPV
WKDWKDYHDIL[HGSHULRG
 $UDGDUHFKRLVSURGXFHGZKHQDUDGDUEHDP
GHWHFWVDGURQH
$LU'HIHQVH
 7KHVHLQWHUDFWLRQVUHTXLUHVWKHFUHDWLRQRIDQHZ
GHWHFWRUIRUHDFKGURQH
 LWEHQHILWVIURP33&WRHQDEOHWKHGHWHFWRU
WRVDPSOHWKHSRVLWLRQLQIRUPDWLRQIURPERWK
WKHUDGDUEHDPDQGIURPDVSHFLILFGURQH
 8SRQGHWHFWLRQUDGDUVFDQODXQFKDSXUVXHUWR
GLVDEOHWKHGURQH
 3XUVXHUVKDYHDGLJLWDOFRQWUROOHUWKDWXVHVD
SURSRUWLRQDOODZIRUJXLGDQFH
$LU'HIHQVH
19
$LU'HIHQVH
 3XEOLVKVXEVFULEHLQWHUDFWLRQFDQEHPDSSHGLQWR
DSHHUWRSHHUFRPPXQLFDWLRQQHWZRUNZLWKD
G\QDPLFWRSRORJ\
 7KLVPDSSLQJHQDEOHVERWKFRPPXQLFDWLRQVW\OHV
WREHXVHGLQFRPELQDWLRQWRGHVFULEHGLIIHUHQW
DVSHFWVRIWKHVDPHPRGHO
 7KHLQWHJUDWLRQRIVW\OHVHQDEOHVPRGHOHUVWRXVH
WKHEHVWUHSUHVHQWDWLRQIRUDJLYHQV\VWHP
&RQFOXVLRQ
20
 :HSODQWRH[WHQG-86(+<)/2: PRGHOOLEUDU\
LQRUGHUWRUHSUHVHQWPRUHFRPSOH[DQGGHWDLOHG
VFHQDULRV
 :HFRQVLGHUDOVRWKDWIXWXUHYHUVLRQVRIWKH+/$
VXSSRUWLQJWKHPRGHOLQJFRQVWUXFWVGLVFXVVHG
KHUHOLNHWKHRSHQ57,VDPSOLQJDQGSHHUWR
SHHUFRQQHFWLRQVFDQLPSURYHLWVH[SUHVVLYHQHVV
VLPSOLI\LQJWKHGHVFULSWLRQRIFRPSOH[V\VWHPV
)XWXUH:RUN
 )HUQDQGR-%DUURVّ0RGHOLQJPRELOLW\WKURXJK
G\QDPLFWRSRORJLHVْ6LPXODWLRQ0RGHOOLQJ
3UDFWLFHDQG7KHRU\9ROXPH'HFHPEHU
3DJHVي
 KWWSG[GRLRUJMVLPSDW
%LEOLRJUDSK\
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5HDO7LPH0'(
$Q2YHUYLHZ
0RXVVD$05$1,3LHUUH<YHV6&+2%%(16
&RVW $FWLRQ,&
030&36:RUNVKRS
0iODJD 6SDLQ± 7KXUVGD\ 1RYHPEHU 
www.unamur.be 2
On a New Project…
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MDE 3D Classification
3URSHUW\NLQG
7UDQVIRUPDWLRQ
)RUPDO9HULILFDWLRQ
7HFKQLTXH
$PUDQL 0 DQG &RPEHPDOH % DQG /XFLR / DQG 6HOLP * DQG 'LQJHO - DQG /H 7UDRQ < DQG 9DQJKHOXZH + DQG &RUG\ - Formal Verification
Techniques for Model Transformations: A Tridimensional Classification -RXUQDO RI 7HFKQRORJ\ 
Barriers for RT Formal Verif.
 Undecidability
 Both from the timed and non-timed parts, which are 
often intrically mixed into functionalities
 Abstractions required in each part for performing
formal verification
 Tool Maturity
 Most tools work on very low-level representations
(automata + various logics)
 How to relate results back to model level?
 Theoretical Foundations in MDE
 What is a « good » notion of time?
 Is there a « universal » notion of time?
4
0DXGH
36
Agenda
1. Classification
2. Contributions Overview
3. Conclusions
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RT-MDE Classification
7LPH
5HSUHVHQWDWLRQ
7UDQVIRUPDWLRQ
/DQJXDJH
7LPH
www.unamur.be 8
Transformation Languages
7LPH
5HSUHVHQWDWLRQ
7UDQVIRUPDWLRQ
/DQJXDJH
7/
7LPH
38
www.unamur.be 9
Graph-Based TLs (GBTLs)
 Formal Background: Category Theory [1]
 Tgg,
 Some MDE features (e.g., inheritance & containment)
addressed recently [2]
 Usually, visual (or hybrid) concrete syntax
 Customisable with metamodel concepts [3,4]
 Also with pure textual syntax (e.g., ATL)
 Common formal background with Petri Nets (PNs) [6]
 Reuse of existing tools and
existing Fv techniques
>@ 52=(1%(5**(GHandbook of Graph Grammars and Computing by Graph Transformation (Vol. I):RUOG6FLHQWLILF3XEOLVKLQJ
>@ -85$&. 6DQG 7$(17=(5 *$&RPSRQHQW&RQFHSWIRU7\SHG*UDSKV:LWK,QKHULWDQFHDQG&RQWDLQPHQW6WUXFWXUHV,QICGT SS±
>@ 7$(17=(5*$**$7RRO(QYLURQPHQWIRU$OJHEUDLF*UDSK7UDQVIRUPDWLRQ,Q$*7,9( /1&6 SS±
>@ '( /$5$-DQG9$1*+(/8:(+8VLQJ$720DVD0HWD&$6(7RRO,Q,&(,6SS±
>@ 0$;,029$0DQG(+5,*+DQG(50(/&)RUPDO5HODWLRQVKLS%HWZHHQ3HWUL1HWDQG*UDSK7UDQVIRUPDWLRQ6\VWHPV%DVHGRQ
)XQFWRUV EHWZHHQ0$GKHVLYH&DWHJRULHV,Q31*7YROSS±
www.unamur.be 10
Meta-Programmed Languages (MPLs)
 « Action » Languages [1]
 Specifically designed for manipulating model features;
 Operational in nature;
 Usually using a textual syntax close to code
 Formal backgrounds
 Semantics foundations from imperative / Object-Oriented
Languages [2].
 Possible reuse of existing technology
 With a high price for adapting it;
 Not necessarily at the adequate abstraction level
>@ &20%(0$/(%DQG&5e*87;DQG*$52&+(3/DQG7+,5,28;; (VVD\2Q6HPDQWLFV'HILQLWLRQLQ0'(± $Q,QVWUXPHQWHG$SSURDFK
IRU0RGHO9HULILFDWLRQJournal of Software SS±
>@ * :,16.(/ The Formal Semantics of Programming Languages: An Introduction 0,7 3UHVV
39
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Time
7LPH
5HSUHVHQWDWLRQ
7UDQVIRUPDWLRQ
/DQJXDJH
7/
7LPH
Time Features
 Domain
 Discrete (with integers) or Dense 
(with rationals or reals)
 If bounded, simplifies the FV
 Language
 Structure, describing how internal
states are organised:
 Linear, in the form of sequences
 Branching, in the form of trees
 Determinism, describing how 
precisely the system is known:
 Abstraction from implementation details;
 Possible unprescribed choices ;
 Unknown environment
 Property Type, indicating which
language’s type of properties are 
expressible
12
7LPH
/DQJXDJH )HDWXUHV'RPDLQ
>@ )XULD & DQG 0DQGULROL ' DQG 0RU]HQWL $ DQG 0 5RVVL  Modeling Time In Computing 6SULQJHU9HUODJ
Dense Discrete
Hybrid6WUXFWXUH
Branching Linear
'HWHUPLQLVP 3URS7\SH
Det rministic UndeterministicQualitative Quantitative
40
Time Features
 Features
Mechanisms within the language to 
express communication and 
synchronicity
 Synchronicity, describing at which
pace changes occur within the system
 Synchronous, at the same time;
 Asynchronous, at different/indpt paces
 Communication, describing how 
asynch. systems communicate
 Through shared resources; or
 Through message passing;
 Or both!
13
7LPH
/DQJXDJH )HDWXUHV'RPDLQ
>@ )XULD & DQG 0DQGULROL ' DQG 0RU]HQWL $ DQG 0 5RVVL  Modeling Time In Computing 6SULQJHU9HUODJ
6\QFKURQLFLW\ &RPPXQLFDWLRQ
Asynchronous SynchronousMessage-
Passing
Resource 
Sharing
UHTXLUHV
www.unamur.be 14
Time Representation
7LPH
5HSUHVHQWDWLRQ
7UDQVIRUPDWLRQ
/DQJXDJH
7/
7LPH
41
www.unamur.be 15
Time Representation [1]
 [TaD]: Time as Data
 Time information represented within the model
 Example: clock counters, timers as MM attributes
 [TaC]: Time as Control
 Time information integrated at transformation level
 Example: time manipulation constructs available in the TL
 [TaE]: Time as Embedding
 Time not explicitly available
 Implicit in a third-party language, when translated
 Requires both model and transformation(s) to become translatable
Not mutually exclusive: all three can be mixed!>@ -'H/DUD(*XHUUD$%RURQDW5+HFNHODQG37RUULQL 'RPDLQ6SHFLILF 'LVFUHWH (YHQW0RGHOOLQJ DQG6LPXODWLRQ8VLQJ *UDSK7UDQVIRUPDWLRQ
Journal of Software and Systems Modelling ±
www.unamur.be 16
CONTRIBUTIONS OVERVIEW
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Overview & Choices
7LPH5HSUHVHQWDWLRQ
7UDQVIRUPDWLRQ
/DQJXDJH
7/
7LPH
 Contributions number
 5 supporting references (classification, etc.)
 40 overviewed contributions
 Space constraints
 Some are cited by website (one ref for 10 pubs)
 Others have several references for slightly different usage
 Presentation Choice
 Also related to space constraints
 First try: by time representation, but does not fit
 Finally: by TL
Statistics
By Transformation 
Language
MPL GBT
18
By Time 
Domain
Discrete Continuous Hybrid
By Synchronicity
Synchronous Asynchronous Hybrid
By Communication Style
Resource Sharing Message Passing
43
www.unamur.be 19
Summary Tables: MPLs
Contribution Domain Language Features Time Rep.
StateCharts Discrete Branching / Non-Determ. Asynch. / MP TaC
Activity Diags
fUML Discrete Branching / Non-Determ. Asynch. / MP TaC
MARTE / CCSL Hybrid Branching / Non-Determ. Hybrid / ?? TaD + TaC
HybridUML Hybrid Branching / Non-Determ. Asynch. / RS TaD + TaC
ForSyDe Hybrid Branching / Non-Determ. Asynch. / RS TaC
ModHel’X Hybrid Branching / Non-Determ. Hybdrid / MP TaC
GeMoC Hybrid Branching / Non-Determ. Hybrid / ?? TaC
6\QFKURQLFLW\ &RPPXQLFDWLRQ
Asynchronous
Message-Passing Resource Sharing
Synchronous
Hybrid
)HDWXUHV
www.unamur.be 20
Summary Tables: GBTLs
Contribution Domain Language Features Time Rep.
Petri Nets Discrete Branching / Non-Determ. Asynch. / RS TaC
Stochastic Hybrid Branching / Non-Determ. Asynch. / MP TaC
De Lara & Vangheluwe Discrete Branching / Non-Determ. Asynch. / Rs TaC
De Lara, Guerra et al. Hybrid Branching / Non-Determ. Asynch. / MP TaD + TaE
Strobl et al. Discrete Branching / Non-Determ. Asynch. / RS TaD
Gapay et al. Discrete Branching / Non-Determ. Asynch. / Rs TaD
Moment 2 Discrete Branching / Non-Determ. Asynch. / Rs TaC
E-Motions Discrete Branching / Non-Determ. Asynch. / Rs TaC
MechatronicUML Hybrid Branching / Non-Determ. Asynch. / MP TaC
ATOMPM Discrete Branching / Non-Determ. Asynch. / Rs TaE
6\QFKURQLFLW\ &RPPXQLFDWLRQ
Asynchronous
Message-Passing Resource Sharing
Synchronous
Hybrid
)HDWXUHV
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Paper Summary
1. A Classification for studying Real-Time MDE contributions
 Which Transformation Language is used?
 Which characteristics of time are important for V&V?
 How time is represented in MDE Frameworks?
2. A partial validation on selected contributions
 43 papers so far
3. An approach that should be refined, precised and extended
 Dimension 3 (Time Representation) should be more precise
 Is there more contribution in the « pure » MDE scope?
 How these compare with classical GPL approaches for time?
(Ptolemy, DEVS, RT-Maude, but also Java, C, Ada, etc.)
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Future Work
1. How to gather more papers?
 Perform a Systematic Litterature Review?
 Proceed by experience?
(contact specialised researchers + my own)
 Extend the study’s scope?
2. Consider all possible V&V techniques for Real-Time
 Integrated Testing (i.e. with HW) is common for 
embedded systems
 Simulation for continuous systems is also a huge
domain
 Formal Verification is limited to very specific part in 
the whole system
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Novel verification paradigms for nonlinear
hybrid automata
Several application domains
Eva M. Navarro López
School of Computer Science, Manchester, UK
COST Action IC1404 – Multi-Paradigm Modelling for
Cyber-Physical Systems (MPM4CPS)
Málaga Workshop, WG1 Foundations
Málaga, 24th November, 2016
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
Summary
1 The hybrid system salad
2 DYVERSE: a modelling, verification and control framework
3 Branches of DYVERSE
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
The hybrid system recipe
The hybrid system salad: A new fresh perspective
Different labels for the same idea
Combination of continuous dynamics and discrete phenomena
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DYVERSE: a cocktail of disciplines
Hybrid automaton framework
Research that challenges orthodoxy
Mixing theory and practice, breaking boundaries of different disciplines
DYnamical-driven VERification of Systems with Energy considerations
The first-funded project in the UK on the verification and control of
nonlinear hybrid systems
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DYVERSE: a cocktail of disciplines
Hybrid automaton framework
Hybrid automaton framework: basic elements
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
A collage of ideas
Dynamically-aware abstractions and formal verification:
exploiting dynamical properties of systems
Application-oriented approach: results for real-world systems
and automatic generation of hybrid automata from a dynamical
specification
Verification of stability-related and liveness properties
Complex systems applications
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Automated verification as a dynamical analysis tool
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
DyverseRBT: Dyverse Rigid Body Toolbox
What?
To generate automatically a general-purpose transition system for the
description of mechanical systems with multiple impacts and friction
Why?
Simulation: To create event-driven simulations of
multi-rigid-body mechanical systems
Formal verification: Hybrid systems automated verification
tools to check that properties of mechanical systems are
satisfied
Control: To include formal verification results in the control loop
to modify system response. Avoid ‘something bad will never
happen’ (safety), ensure ‘something good will happen’ (liveness)
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Limitations in multi-contact rigid-body systems
Beyond the bouncing ball
A simple example that cannot be expressed using the classical
hybrid automaton framework
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
The multi-rigid-body (MRB) hybrid automaton
Typical hybrid automaton elements
Dynamical discrete locations
Continuous states
Initial states
Continuous dynamics
Domains of discrete locations
Edges (discrete transitions)
Guards
Reset maps
New elements integrating computation of contact forces
Computation nodes
Non-dynamical discrete locations
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Hybrid automaton with computation nodes for a single neuron
A medium spiny neuron with D1-type receptors in the striatum
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Automatic generation of hybrid automata
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Implementation
Eva Navarro López DYVERSE
The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Dyverse Bounded Model Checker (DyverseBMC)
Overview of the modelling, simulation and verification framework
Mike O’Toole and Eva Navarro-López
http://staff.cs.manchester.ac.uk/˜navarroe/papers/otoole_navarro2016.pdf
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
Dynamically-aware verification: liveness and deadness
DeadRegions. Generation of a dead region on a hybrid
automaton for a given inevitability property of reaching some
desired live region
proveByTA. Abstraction of a linear continuous system of the
form x˙ = Ax +b to a timed automaton for proving inevitability
(reaching a specified live zone). It then uses the stand-alone
prover of TA prover UPPAAL to prove the property
PWproveByTA. Abstraction of a piecewise-linear system of a
class of the form x˙ = Ax to a timed automaton for proving
inevitability. It then uses the stand-alone prover of TA prover
UPPAAL to prove the property
Eva Navarro-López and Rebekah Carter, TCS 2016
http://staff.cs.manchester.ac.uk/˜navarroe/research/dyverse/liveness/
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
DYVERSE team for the verification branches presented
Eva Navarro López DYVERSE
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The hybrid system salad
DYVERSE: a modelling, verification and control framework
Branches of DYVERSE
DyverseRBT: automated generation of hybrid automata
DyverseBMC: falsification of safety properties
Verification of liveness properties
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/ŶŶŽǀĂƚŝŽŶ
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^ƉĞĐŝĨŝĐĂƚŝŽŶƐ
ĂŝŵůĞƌ͘'͘
dƌĂĐĞĂďŝůŝƚǇďĞƚǁĞĞŶ
/DZĂƚŝŽŶĂůŽŽƌƐ
ʹ DĂƚ>Ăď^ŝŵƵůŝŶŬ
^ŽĨƚǁĂƌĞƉĂƌƚƐŽĨ
ďŽĚǇĐŽŶƚƌŽůůĞƌ
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^ƉĞĐŝĨŝĐĂƚŝŽŶŽĨ
dƌĂĐĞĂďŝůŝƚǇ;tWϯͿ
>ŽĂĚͬhƉĚĂƚĞ
^ƉĞĐŝĨŝĐĂƚŝŽŶ
hƉĚĂƚĞƐŝŐŶĂƚƵƌĞƐ
hƉĚĂƚĞĨĂĐƚƐĂŶĚ
ĂŶŶŽƚĂƚĞĚĨĂĐƚƐ
ĐůŝƉƐĞͲďĂƐĞĚdĞǆƚ
ĚŝƚŽƌ
^ĞŵĂŶƚŝĐŶĂůǇƐŝƐ 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^ŚŽǁĂůůdƌĂĐĞ
dǇƉĞƐ ƵƐƚŽŵĂŶŶŽƚĂƚŝŽŶƐ
ZĞĂƐŽŶΛƌĞůĂƚŝŽŶ dƌĂĐĞΛŵŽĚĞů
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^ĞŵĂŶƚŝĐƐ
ĞĨŝŶŝƚŝŽŶŽĨ
dĞŵƉŽƌĂů
WƌŽƉĞƌƚŝĞƐ
/ϭϰϬϰʹ DƵůƚŝͲWĂƌĂĚŝŐŵDŽĚĞůůŝŶŐĨŽƌǇďĞƌͲWŚǇƐŝĐĂů^ǇƐƚĞŵƐ
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7UDFHDELOLW\9LVXDOL]DWLRQ9LHZ
dƌĂĐĞĂďŝůŝƚǇ
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DƵůƚŝͲ
ŽŶƐŝƐƚĞŶĐǇ
ŚĞĐŬŝŶŐ
DŽĚĞů
/ŶƚĞŐƌĂƚŝŽŶ
dƌĂĐĞĂďŝůŝƚǇĂƚĂͲ
DŽĚĞů
/ϭϰϬϰʹ DƵůƚŝͲWĂƌĂĚŝŐŵDŽĚĞůůŝŶŐĨŽƌǇďĞƌͲWŚǇƐŝĐĂů^ǇƐƚĞŵƐ

0RGHOLQJDQG5HDVRQLQJ$SSURDFKHV
DŽĚĞůŝŶŐĂŶĚ
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ŽŶƐƚƌĂŝŶƚ^ŽůǀŝŶŐ
;ŽƵŶĚĞĚDŽĚĞů
ŚĞĐŬŝŶŐͿ
<ŽĚ<ŽĚ͗Ă
ĐŽŶƐƚƌĂŝŶƚƐŽůǀĞƌ
ĨŽƌƌĞůĂƚŝŽŶĂůůŽŐŝĐ
^d^ŽůǀĞƌƐ
ůůŽǇŶĂůǇƐŝƐ
ŶŐŝŶĞ
<ŽĚ<ŽĚ
dŚĞŽƌĞŵWƌŽǀĞƌƐ
ϯ͗ŚŝŐŚ
ƉĞƌĨŽƌŵĂŶĐĞ
ƚŚĞƌŽŵƉƌŽǀĞƌ
^Dd^ŽůǀĞƌƐ
DŽĚĞůŚĞĐŬŝŶŐ
EƵyDs͗Ă ƐǇŵďŽůŝĐ
ŵŽĚĞůĐŚĞĐŬĞƌ
&ŝŶŝƚĞ^ƚĂƚĞ
^d^ŽůǀĞƌƐ
/ŶĨŝŶŝƚĞ^ƚĂƚĞ
^Dd ^ŽůǀĞƌƐ
ŽŶƐŝƐƚĞŶĐǇ
ŚĞĐŬŝŶŐ
ƌŽĐŽƉĂƚ͗ƚŽŽůĨŽƌ
ĞĨĨŝĐŝĞŶƚƌĞůĂƚŝŽŶĂů
ƉƌŽŐƌĂŵŵŝŶŐ
ĨĨŝĐŝĞŶƚ'ƌĂƉŚ
ůŐŽƌŝƚŚŵƐ
<ŽĚ<ŽĚ͗Ă
ĐŽŶƐƚƌĂŝŶƚƐŽůǀĞƌ
ĨŽƌƌĞůĂƚŝŽŶĂůůŽŐŝĐ
ǆĂĐƚŽƵŶĚƐ
&ŝƌƐƚͲŽƌĚĞƌ
ƌĞůĂƚŝŽŶĂůůŽŐĐ
dŚĞ^ĂƚŝƐĨŝĂďŝůŝƚǇ
DŽĚƵůŽ dŚĞŽƌŝĞƐ
>ŝďƌĂƌǇ ;^DdͲ>/Ϳ
>ŝŶĞĂƌdĞŵƉŽƌĂů
>ŽŐŝĐ;>d>Ϳ
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A hybrid master (discrete-event and discrete-
time) for Functional Mockup Interface
Vincent Albert
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 Introduction
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 Conclusion and perspectives
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Introduction
3
Discrete-time simulation

ௗ௫ ሺ௧ሻௗ௧ ൌ ݂ ݔ ݐ ǡ ݑ ݐ
ݔ௜ ݐ ൅ ݄ ൌ ݔ௜ ݐ ൅
ௗ௫೔ሺ௧ሻ
ௗ௧ Ǥ ݄
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Discrete-event simulation

 ሶݍ ݐ ൌ ݂ ݍ ݐ ǡ ݑ ݐ
ݍ ݐ ൅ ȟݐ ൌ ݍ ݐ ൅ ሶݍ ݐ Ǥ ȟݐ
ȟ ൌ ݍ ݐ ൅ ȟݐ െ ݍሺݐሻ
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Discrete-event simulation

 ሶݍ ݐ ൌ ݂ ݍ ݐ ǡ ݑ ݐ
ݍ ݐ ൅ ȟݐ ൌ ݍ ݐ ൅ ሶݍ ݐ Ǥ ȟݐ
ȟ ൌ ݍ ݐ ൅ ȟݐ െ ݍሺݐሻ
1. The required time for the solution of ݍ ݐ to change by ȟ is
οݐ ൌ ቐ
୼୕
ሶ௤ ݂݅ ሶݍ ് Ͳ
λ ݋ݐ݄݁ݎݓ݅ݏ݁
At this time, the next state will be
ݍ ݐ௞ ൅ οݐ ൌ ݍ ݐ௞ ൅ ݏ݅݃݊ ሶݍ ݐ௞ כ οܳ
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Discrete-event simulation
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ݍ ݐ ൅ ȟݐ ൌ ݍ ݐ ൅ ሶݍ ݐ Ǥ ȟݐ
ȟ ൌ ݍ ݐ ൅ ȟݐ െ ݍሺݐሻ
1. The required time for the solution of ݍ ݐ to change by ȟ is
οݐ ൌ ቐ
୼୕
ሶ௤ ݂݅ ሶݍ ് Ͳ
λ ݋ݐ݄݁ݎݓ݅ݏ݁
At this time, the next state will be
ݍ ݐ௞ ൅ οݐ ൌ ݍ ݐ௞ ൅ ݏ݅݃݊ ሶݍ ݐ௞ כ οܳ
2.   If ሶݍ changes of value before ݐ௞ ൅ οݐ then
ݍ ൌ ݍ ൅ ሶݍ כ ݁
οݐ ൌ ൞
οܳ െ ݍ െ ݍ݈
ሶݍ ݂݅ ሶݍ ് Ͳ
λ ݋ݐ݄݁ݎݓ݅ݏ݁
7
Discrete-Event System Specification
൏ ܺǡ ܻǡ ܵǡ ߜ݅݊ݐǡ ߜ݁ݔݐǡ ߜܿ݋݊ǡ ɉǡ ݐܽ ൐
ݐܽ ׷ ܵ ՜ Թ଴ǡஶା
Model DEVS
Atomic component
Simulator DEVS
Parallel DEVS protocol
8
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Issues
h<0 is false at the integration step before ݐଵ
h<0 is true at the integration step a ݐଵ
DEVS FMU
3. Get time of FMU next event
2. Handle FMU input external event
9
1. Continuous /discrete interface
4. Handle FMU internal event
Hybrid Master for DEVS-FMI
10
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DEVS-FMI for ME
11
double predictState(double t)
{
currentTime = t;
horizon = t + lookAheadHorizon;
while (currentTime < horizon)
currentTime = integrate(currentTime+lookAheadStepSize);
newState = fmi2getContinuousState();
outputs = fmi2getReal();
predictions.add(newState);
eventInds = fmi2GetEventIndicators()
for(eventInds.size)
if(eventInds[i] != savedeventInds[i])
handleEvent(); //bisectional search
return currentTime;
return currentTime;
}
Experiments
12
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BouncingBall
13
DC-Motor and PWM Controller
14
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Conclusion and Perspectives
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Conclusion and Perspectives
 Conclusion
± Modular and hierarchical hybrid master (discrete-time 
and discrete-event simulation algorithms) for 
cosimulation and model exchange
± Passed with JModelica, failed with FMUSDK (?)
± Techno : FMIPP (SWIG, ODEINT)
 Perspectives
± Extend the standard for discrete-event paradigm
± Develop interface for VHDL simulator
± Develop interface for FPGA 
16
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Adding Uncertainty and Units to Quantity Types 
in Software Models
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Motivation
Uncertainty and Units in Engineering Disciplines
 Engineers naturally think about uncertainty associated with measured values 
and units of values
 Uncertainty and units are explicitly defined in models and considered in 
model-based simulations
 Example: Coupled Clutches of Modelica Standard Library
2
SKLVWDUW UDGURWDWLRQDQJOH
ZVWDUW UDGVDQJXODUYHORFLW\
(Coupled Clutches Example of Modelica Standard Library)
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Uncertainty and Units in Software Engineering
 Very limited support for representing uncertainty and units in software models
 No support for considering such properties in model-based simulations
 Example: How to represent a measured value in UML?
Motivation
3
0HDVXUH
YDOXH5HDO
What kind of value is measured?
In which unit is the value measured?
What is the uncertainty of the 
measurement method?
Contributions
1. Type system for representing measurement uncertainty and units
 Kernel representation for quantities
2. Algebra of operations for performing computations with uncertain data 
and units
 Computational kernel for computing quantities
3. Implementations for Java, OCL, UML
4
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Units and Dimensions Systems of Units
International System of Units (SI)
 Base dimensions: Length, Mass, Time, Electric Current, Thermodynamic 
Temperature, Amount of Substance, Luminous Intensity
 Base units: Meter (m), Kilogram (kg), Second (s), Ampere (A), Kelvin (K), Mole 
(mol), Candela (cd)
 Derived dimensions: 90 dimensions derived from the base dimensions 
e.g., Area, Volume, Velocity
 Derived units: 90 units derived from the base units
e.g., Square Meter (m²), Cubic Meter (m³), Meter per Second (m/s)
Other Systems of Units
 Centimeter-Gram-Second System (CGS)
 Imperial System
 United States Customary System (USCS, USC)
5B. N. Taylor and A. Thompson. The International System of Units (SI). NIST, 2008. http://www.nist.gov/pml/pubs/sp811/.
Units and Dimensions Representation of Units
 Any unit can be derived from the base units: 
ܤଵ
௘భ כ ܤଶ
௘మ… ܤ௡
௘೙ where ܤ௜ represents a base unit and ݁௜ its exponent
 Hence, any unit can be defined by the exponents ݁௜ of the base units: 
݁ଵǡ ݁ଵǡ ǥ ǡ ݁௡
 Examples
6
ܯ݁ݐ݁ݎ ݉ ൌ ݉ଵ כ ݇݃଴ כ ݏ଴ כ ܣ଴ כ ܭ଴ כ ܿ݀଴ כ ݉݋݈଴ כ ݎܽ݀଴ ൌ ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳ
ܵݍݑܽݎ݁ ܯ݁ݐ݁ݎ ݉ଶ ൌ ݉ଶ כ ݇݃଴ כ ݏ଴ כ ܣ଴ כ ܭ଴ כ ܿ݀଴ כ ݉݋݈଴ כ ݎܽ݀଴ ൌ ʹǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳ
ܯ݁ݐ݁ݎ ݌݁ݎ ܵ݁ܿ݋݊݀ ݉Ȁݏ ൌ ݉ଵ כ ݇݃଴ כ ݏିଵ כ ܣ଴ כ ܭ଴ כ ܿ݀଴ כ ݉݋݈଴ כ ݎܽ݀଴ ൌ ͳǡ Ͳǡെͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳ
R. Hodgson, P. J. Keller, J. Hodges, and J. Spivak. QUDT – Quantities, Units, Dimensions and Data Types Ontologies. 
TopQuadrant, Inc. and NASA AMES Research Center, 2014. http://qudt.org/.
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Units and Dimensions Conversion Between Units
 Conversion of quantity values from base units ܤ௜ to derived units ܦ௜
 Multiply the numerical value of the quantity value with conversion factor ݂ܿ
 Add an offset ݋ to the resulting numerical value
 Definition: ݔ ܦ௜ ൌ ሺݔ כ ܿ ௜݂ ൅ ݋௜ሻ ܤ௜
 Examples: 
 Conversion factors and offsets can be defined relative to the base units: 
ܿ ௜݂: ܿ ଵ݂ǡ ܿ ଵ݂ǡ ǥ ǡ ܿ ௡݂ ǡ݋௜: ݋ଵǡ ݋ଶǡǥ ǡ ݋௡
 Examples:
7
ܭ݈݅݋݉݁ݐ݁ݎ ݇݉ ǣ ݂ܿ ൌ ͳͲͲͲǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳ ݋݂ ൌ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳ
ܥ݈݁ܿ݅ݑݏ ιܥ ǣ ݂ܿ ൌ ͳǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳ ݋݂ ൌ Ͳǡ Ͳǡ Ͳǡ Ͳǡ ʹ͹͵Ǥͳͷǡ Ͳǡ Ͳǡ Ͳ
ܭ݈݅݋݉݁ݐ݁ݎ ݌݁ݎ ܪ݋ݑݎ ݇݉Ȁ݄ ǣ ݂ܿ ൌ ͳͲͲͲǡ ͳǡ ͵͸ͲͲǡ ͳǡ ͳǡ ͳǡ ͳǡ ͳ  ݋݂ ൌ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳǡ Ͳ
ݔ ݇݉ ൌ ݔ כ ͳͲͲͲ ൅ Ͳ ݉
ݔ ιܥ ൌ ሺݔ כ ͳ ൅ ʹ͹͵Ǥͳͷሻ
ݔ ݇݉Ȁ݄ ൌ ሺݔ כ ଵ଴଴଴ଷ଺଴଴ ൅ ͲሻȀ
Units and Dimensions Model-Based Representation
 Domain Model
 Example Instances
8
8QLW
QDPH6WULQJ
V\PERO6WULQJ
GLPHQVLRQV5HDO>@
FRQYHUVLRQ)DFWRU 5HDO>@
RIIVHW5HDO>@
P8QLW
QDPH 0HWHU
V\PERO P
GLPHQVLRQV !
FRQYHUVLRQ)DFWRU !
RIIVHW !
NPK8QLW
QDPH .LORPHWHUSHU+RXU
V\PERO NPK
GLPHQVLRQV !
FRQYHUVLRQ)DFWRU !
RIIVHW !
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Measurement Uncertainty Representation of Uncertainty
Definition: Standard Uncertainty [GUM]
 Uncertainty of the result of a measurement ݔ expressed as a standard 
deviation ݑ
 Representation: ݔ േ ݑ or ሺݔǡ ݑሻ
 Examples:
9[GUM] JCGM 100:2008. Evaluation of measurement data – Guide to the expression of uncertainty in measurement. 
Joint Committee for Guides in Metrology, 2008.
Normal distribution: ሺݔǡ ߪሻ with mean ݔ, standard deviation ߪ
Interval ܽǡ ܾ : Uniform or rectangular distribution is assumed
ሺݔǡ ݑሻ with ݔ ൌ ௔ା௕ଶ , ݑ ൌ
ሺ௕ି௔ሻ
ଶ ଷ
Measurement Uncertainty Model-Based Representation
 Domain Model
 Example Instances
10
85HDO
[5HDO
X 5HDO
 85HDO
[ 
X  
 85HDO
[ 
X  
ͳͲ േ ͲǤͲͲͳ ʹ േ ͲǤͲʹ
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Quantities Model-Based Representation
 Domain Model
 Example Instance: ܮ݁݊݃ݐ݄ ͳͲ േ ͲǤͲͲͳ ݉
11
8QLW
QDPH6WULQJ
V\PERO6WULQJ
GLPHQVLRQV5HDO>@
FRQYHUVLRQ)DFWRU5HDO>@
RIIVHW5HDO>@
85HDO
[5HDO
X 5HDO
4XDQWLW\YDOXH XQLW
P8QLW
QDPH 0HWHU
V\PERO P
GLPHQVLRQV !
FRQYHUVLRQ)DFWRU !
RIIVHW !
XU85HDO
[ 
X  
T4XDQWLW\YDOXH XQLW
Example
12
0HDVXUH
WLPH4XDQWLW\
SRVLWLRQ4XDQWLW\
VWDUW
6HFWLRQ0HDVXUH
GXUDWLRQ4XDQWLW\
GLVWDQFH4XDQWLW\
DYJ9HORFLW\4XDQWLW\
DYJ$FFHOHUDWLRQ4XDQWLW\
HQG
duration = end.time – start.time
distance = end.position – start.position
avgVelocity = distance / duration
avgAcceleration = (end.velocity – start.velocity) / duration
YHORFLW\ 4XDQWLW\
Start A B C N…
Measure M0 M1 M2 M3 MN
S1 S2 S3
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Unit Operations
13
8QLW
LV%DVH8QLW%RROHDQ
LV'HULYHG8QLW%RROHDQ
LV8QLWOHVV%RROHDQ
LV'LPHQVLRQOHVV%RROHDQ
LV&RPSDWLEOH:LWK8QLWX%RROHDQ
HTXDOV8QLWX%RROHDQ
PXOWLSO\8QLWV8QLWX8QLW
GLYLGH8QLWV8QLWX8QLW
SRZHU8QLWV5HDOV8QLW
Query nature of unit
Combine units
Compare units
Measurement Uncertainty Operations
14
85HDO
DGGU85HDO85HDO
PLQXVU85HDO85HDO
PXOWLSO\U85HDO85HDO
GLYLGH%\U85HDO85HDO
SRZHUV5HDO85HDO
«
OHVV7KDQU85HDO%RROHDQ
OHVV7KDQ2U(TXDOVU85HDO%RROHDQ
JUHDWHU7KDQU85HDO%RROHDQ
«
Arithmetic operations
Comparison operations
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Quantity Operations
15
4XDQWLW\
FRPSDWLEOH8QLWVT4XDQWLW\%RROHDQ
FRQYHUW7RX8QLW4XDQWLW\
FRQYHUW7R6,8QLWV4XDQWLW\
«
DGGT4XDQWLW\4XDQWLW\
PLQXVT4XDQWLW\ 4XDQWLW\
PXOWLSO\T4XDQWLW\ 4XDQWLW\
GLYLGH%\T4XDQWLW\ 4XDQWLW\
«
OHVV7KDQT4XDQWLW\%RROHDQ
OHVV7KDQ2U(TXDOVT4XDQWLW\%RROHDQ
JUHDWHU7KDQT4XDQWLW\%RROHDQ
«
Arithmetic operations
Comparison operations
Unit conversion operations
Unit comparison
Example
16
VWDUW66HFWLRQ0HDVXUH
GXUDWLRQ    V
GLVWDQFH   P
DYJ9HORFLW\     PV
DYJ$FFHOHUDWLRQ     PVð
HQG
duration = end.time – start.time
distance = end.position – start.position
avgVelocity = distance / duration
avgAcceleration = (end.velocity – start.velocity) / duration
00HDVXUH
WLPH   V
SRVLWLRQ   P
YHORFLW\ PV
00HDVXUH
WLPH   V
SRVLWLRQ   P
YHORFLW\   PV
Start A B C N…
Measure M0 M1 M2 M3 MN
S1 S2 S3
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Available Implementations
 Java: Reference implementation
 OCL (USE Tool): 
 Specification of operations with 
preconditions and postconditions
 Support for imperative use of 
operations (SOIL)
 UML (Papyrus, MagicDraw):
 Support for specifying quantities and 
computations with quantities
 Proof-of-concept prototype for executing 
computations with quantities with fUML
 Download: https://github.com/moliz/moliz.quantitytypes
Implementation
17USE Tool: https://sourceforge.net/projects/useocl/ MagicDraw: http://www.nomagic.com/products/magicdraw.html
Eclipse Papyrus UML:  https://eclipse.org/papyrus/
Java Example
Length initialPosition = new Length(0, 0.001, Units.Meter);
Length finalPosition = new Length(10, 0.001, Units.Meter);
Length distance = finalPosition.minus(initialPosition);
USE OCL Example
!new UReal(’ip’)
!ip.x : = 0.0
!ip.u := 0.001
!new Quantity(’initialPosition’)
!initialPosition.value := ip
...
!distance := finalPosition.minus(initialPosition)
Papyrus UML Example
Ongoing and Future Work
 Implementation
 Evolve fUML proof-of-concept implementation to full implementation
 Alf implementation (textual action language for fUML)
 Full integration with Papyrus and MagicDraw
 Eclipse OCL implementation
 Refinement of the conceptual model of quantity types
 Different kinds of uncertainty (e.g., interval, different probability distributions)
 Different kinds of units (e.g., length units, time units, etc.)
 Representation of quantities
 Useable representation of quantities
 Integration with existing standards, e.g., MARTE and SysML
18
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Thank You!
Questions?
Manuel Wimmer
wimmer@big.tuwien.ac.at
Antonio Vallecillo
av@lcc.uma.es
Tanja Mayerhofer
mayerhofer@big.tuwien.ac.at
Contact
Loli Burgueño
loli@lcc.uma.es
A. Vallecillo, C. Morcillo, and P. Orue. Expressing Measurement Uncertainty in Software Models. In Proc. of 10th Int. 
Conf. on the Quality of Information and Communications Technology (QUATIC), 1–10, 2016.
T. Mayerhofer, M. Wimmer, A. Vallecillo. Adding Uncertainty and Units to Quantity Types in Software Models. In 
Proc. of 2016 ACM SIGPLAN Int. Conf. on Software Language Engineering (SLE), ACM, 118–131, 2016.
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INTEGRATING UNCERTAINTY 
MODELLING WITH USE CASE 
MODELLING TO DISCOVER 
UNKNOWNS
Tao Yue, Shaukat Ali and Man Zhang
(tao, shaukat, manzhang}@simula.no
http://www.zen-tools.com
http://www.u-test.eu/
Chief Research Scientist, Simula Research Laboratory, Oslo, Norway
Workshop of ICT COST Action1404, Malaga, 2016
U-Test is a EU-funded H2020 project
(2015 Jan. – 2017 Dec.)
2
TESTING CYBER-PHYSICAL SYSTEMS UNDER 
UNCERTAINTY
Website: http://www.u-test.eu
Overall Funding: 3.71 Million Euros
Duration: 2015 to 2018
# Partners: 9
We are going beyond the scope of this project and establishing 
a long-term, industry-oriented research foundation towards this 
direction.
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Two industrial CPS
3
Automated Warehouse (AW) 
ULMA Handling Systems, Spain
Geo Sports (GS)
Future Position X (FPX), Sweden 
http://www.u-test.eu/use-cases/
U-Model U-RUCM
Uncertainty 
Modeling 
Framework
U-Evolve U-Testing
U-RUCM is an extension to RUCM for specifying 
uncertainties as part of system requirements.
Conceptual model RUCM (Req. Spe.) Test Ready Models in UML Class Diagrams and State Machines
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The U-Model takes a subjective
approach to represent uncertainty.
BeliefModel
MeasureModel
<<import>>
Uncertainty
Model
<<import>>
Man Zhang, Bran Selic, Shaukat Ali, Tao Yue, Oscar Okariz and Roland Norgren, Understanding Uncertainty in Cyber-
Physical Systems: A Conceptual Model, 12th European Conference on Modelling Foundations and Applications (ECMFA), 
2016. https://www.simula.no/file/u-modeltrfinalpdf/download
U-MODEL – BELIEF MODEL
6
Measure
1
= objective concept
= subjective concept
BeliefAgent Belief
1..*
Belief
Statement
0..*
substatements
Evidence
0..*
«enumeration»
IndeterminacyNature
nondeterminism
insufficientResolution
missingInfo
composite
unclassified
Indeterminacy
Source
source
0..*
/source1..*
0..*
Uncertainty
0..*
0..*
0..*
0..*
Measurement
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The Uncertainty Model Expands On Uncertainty
From Several Different Viewpoints And 
Introduces Related Abstractions. 
7
Uncertainty
Geographical 
LocationOccurrence Content Time Environment
Pattern
0..*
Lifetime
0..1
Locality
0..1
«ISO 3000»
Risk
0..1
Effect
0..1
0..*
dependency
The Purpose Of The Measure Model Is To Give A 
High-level Introduction Of Commonly Known 
Uncertainty Measures.
8
Measure
Probability Ambiguity Vagueness
Fuzziness Non-Specificity
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U-RUCM integrates U-Model and RUCM.
9
Belief Template Is Newly Introduced To Specify 
Belief Use Case Specification, Which Inherits The 
RUCM Template.   
10
Key Heading 
Fields 
Different Flow 
of Events
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Specify uncertainty with U-RUCM in 
industry settings
 U-RUCM was able to significantly improve on 
characterization, and understanding of uncertainty 
requirements.
 Key experience
 Learn about uncertainty by applying U-RUCM
 Systematically discover unknown known indeterminacy sources and 
uncertainties and transforming them into known unknown 
uncertainties and known known indeterminacy sources.
11
More Information about U-RUCM:
 Video for demonstrating U-RUCM
 http://zen-tools.com/rucm/U_RUCM.html
 Technical Report
 https://www.simula.no/publications/specifying-uncertainty-use-case-
models-industrial-settings
12
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Foster long-term and community-wide 
benefits through standardization
 Uncertainty Modeling
 Initiated the standardization process in June 2016
Uncertainty RFI is officially issued in Sep. 2016
Call for responses until Feb. 2017.
http://www.omgwiki.org/uncertainty/doku.php
13
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Model-Driven Testing of Cyber-Physical 
Systems with the Explicit Consideration of 
Uncertainty (U-Testing)
Shaukat Ali, Man Zhang, Tao Yue
{shaukat, tao, manzhang}@simula.no
IC1404 Cost Action Meeting
MPM4CPS Malaga Workshop
Malaga, November 24, 2016
EMF 
Serialization
Inputs (option1)
1. Abstract Test Case Generator
«JGraph»
SMGraph
«JGraph»
Deep paths
«EMF»
Test Set
Abstract Test Cases
«UMF»
State Machine
Uncertainty 
Measurement Calculator
AG1: SMGraph 
Convertor
AG2: Deep paths 
Generator
AG3:Uncertainty 
Information Processor 
and Abstract Test 
Case Generator
JGrapht
outputs
outputs
outputs
inputs
inputs
uses
inputs
uses
«UMF»
Class Diagram
«Java»
Java Entities
«Java»
Entities Adapter
3. Executable Test Case Generator
«UMF»
Object Diagram
«Java»
Executable Test Set
Executable Test Cases
Test Setup implements
EG1: Class Entities 
Generator
EG2: Test Setup 
Generator
EsOCL
imports
inputs inputs
TesterEclipse OCL
imports
EG3: Executable Test 
Case Generator
outputs
selects option of inputs 
extends
outputs outputs
Invokes
2. Test Case Minimization
EMF model file
TsubJMetal
NSGA-II
Random Search
inputs
inputs
invokes
outputs
outputs
inputs
select test case 
minimization strategy
Tester
Solution Solver «txt»
Solutions
Measured values of 
Objectives
«Java»
Search Problems
Objectives
Solution 
Processor
Pro.1: #TC#Uncertainty%Transition 
Pro.2: #TC%Uncertainty Space%Transition 
Pro.4: #TCUncertainty Measure%Transition 
Pro.3: #TC%Uncertainty%Transition 
IBM RSA
develops 
belief 
model
Uncertainty Modeling Framework
MARTE
Risk Library
Guide
line
Measure LibraryTime Library
Pattern Library
UML Uncertainty Profile
(UUP)
UML Testing Profile V.2
is  deployed on
imports imports
Belief 
Model
Inputs (option2)
The overall approach of U-Testing has several steps.
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3Test Interfaces of the Geo Sports system and test infrastructure 
are captured as a set of class diagrams.
4
Expected behaviour of Geo Sports is modelled as a Belief State 
Machine.
119
5Test configuration is modelled as an object diagram.
6
Automation of test execution is supported by test APIs 
implemented as REST APIs.
120
Integrating MBT, uncertainty theory, and multi-
objective search
7
Test Case 
Generation
- All Simple Path
- All Paths with 
Fixed Max. Length
Test Case 
Minimization
Uncertainty Related Objectives 
(Uncertainty theory)
- Max. the number of uncertainties
- Max. the number of unique uncertainties
- Max. the subjective confidence (uncertainty 
measure)
- Max. the uncertainty space
- Min. the number of test cases
- Max. the transition coverage
Test Case 
Execution
- Mutation Testing
- Real Case Study 
Execution with 
introduced 
indeterminacy Source
(NSGA-II).
All strategies are evaluated in terms of cost,
effectiveness, and efficiency.
8
Test Case 
Generation
Test Case 
Minimization
Test Case 
Execution
S
af
e 
H
om
e APL
APML
-
#Uncertainty 490 60%
Uncertainty Space 136 80%
Uncertainty Measure 490 60%
Unique Uncertainties 109 91%
100% 2.5 0.06
98% 8.8 0.22
100% 2.5 0.06
100% 11.2 0.27
8.9%
#TC #Min. TC %Min.
Mutation 
Score
Efficiency Efficiency
2
1253
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We apply the best strategy to test the real case 
study in terms of discovering uncertainties.
9
Test Case 
Generation
Test Case 
Minimization
Test Case 
Execution
G
eo
S
po
rt
s APML 336 98
#TC #Min. TC %Min.
Observed 
Uncertainty
2085 83.9%
Unique 
Uncertainties
18
New
Uncertainty
 Test infrastructures have been built, which 
enable the introduction of known 
indeterminacy sources.
- Signal Shielding box and Far From Locator 
- Unknown indeterminacy sources
Acknowledgement
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Separation of Concerns in
Continuous Time Hierarchical Co-simulation
Cla´udio Gomes, Joachim Denil, Bart Meyers, Hans Vangheluwe
IC1404 – Multi-Paradigm Modelling for Cyber-Physical Systems
November 24–25, 2016, Malaga, Spain
Motivation
 Simulation has helped us so far. . .
 . . . but not to its full potential.
 Complex systems have to be partitioned into sub-systems,
developed by specialized teams.
 Their own M&S tools;
 Some are external companies;
 Leading to locally (but not globally) optimal solutions:
 Models of each partial solution cannot be integrated;
 IP cannot be cheaply disclosed;
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Co-simulation
 Theory and techniques to enable global simulation of a
coupled system, via the composition of sub-system simulators.
 Sub-system simulators are virtual mock-ups:
 Executable binaries;
 Common API for communication. . .
 . . . but many diﬀerent capabilities!
I/O Coupling:
I/O Coupling Co-simulator:
Co-sim Scenario
Solver
Model
+
Inputs
Outputs
Orchestration Algorithm (BUS)
Co-simulator Inputs
Outputs
Simulator
 Time-stepped communication;
 Continuous-time dynamics;
 Approximated inputs;
 Physical laws;
 Instantaneous reactions;
Solver
Model
+
Inputs
Outputs
Simulator
Si = 〈Xi ,Ui ,Yi , δi , λi , xi (0), φUi 〉
δi : R× Xi × Ui → Xi
λi : R× Xi × Ui → Yi or R× Xi → Yi
xi (0) ∈ Xi
φUi : R× Ui × . . .× Ui → Ui
Inputs
State
Outputs
extrapolation
co-sim step
micro-step
125
Co-simulation Scenario
CS = 〈UCS ,YCS , {Si} , L, φUCS 〉
L : Y1 × . . .× Yn × YCS × U1 × . . .× Un × UCS → Rm
ALGORITHM 1: Orchestration.
Data: An autonomous scenario CS = 〈∅,YCS , {Si} , L, ∅〉
and a communication step size H.
Result: A co-simulation trace.
t := 0;
while true do
Solve:{
yi (t) = λi (t, xi (t), ui (t)), for i = 1, . . . , n
L(y1(t), . . . , yn(t), yCS (t), u1(t), . . . , un(t)) = 0¯
;
xi (t + H) := δi (t, xi (t), ui (t)), for i = 1, . . . , n;
t := t + H;
end
CS = 〈∅, ∅, {S1, S2} , L, ∅〉
L =
⎡⎣uk − [x1v1
]
u1 − Fk
⎤⎦
Concerns
Limited Communication:
Computer A Computer B
Causality Conflict:
......Algebraic Loops:
Strongly Coupled Clusters:
Requires: Availability
Requires: Jacobian
Requires: I/O Dependency
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Example: Strongly Coupled Clusters Scenario
˙[x1
v1
]
= F1(
[
x1
v1
]
, u1)
λ1 =
[
x1
v1
]
˙[x2
v2
]
= F2(
[
x2
v2
]
,
[
uk
uc
]
)
λ2 =
[
Fk
Fc
]
˙[x3
v3
]
= F3(
[
x3
v3
]
, u3)
λ3 =
[
x3
v3
]
Example: Strongly Coupled Clusters Sensitivity
˙[x1
v1
]
= F1(
[
x1
v1
]
, u1)
˙[x2
v2
]
= F2(
[
x2
v2
]
,
[
uk
uc
]
)
˙[x3
v3
]
= F3(
[
x3
v3
]
, u3)
∂F1
∂u1
is small
∂F2
∂uk
is small
∂F2
∂uc
is Large
∂F3
∂u3
is Large
m1 = 1
c1 = 0.1
d1 = 0.5
m2 = 1
ck = 0.1 dk = 0.1
cc = 2 dc = 1.3
m3 = 1
c3 = 0.1
d3 = 0.1
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Example: Strongly Coupled Clusters Sensitivity
Strongly Coupled Clusters Optimization
Step:
Step:
Step:
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Strongly Coupled Clusters Results
H = 0.01
max ‖x1 − x˜1‖ = 0.0294
max ‖x2 − x˜2‖ = 0.0583
max ‖x3 − x˜3‖ = 0.0582
H = 0.1
H ′ = 0.005
max ‖x1 − x˜1‖ = 0.0340
max ‖x2 − x˜2‖ = 0.0217
max ‖x3 − x˜3‖ = 0.0214
Conclusion
 Our approach, underpinned by MDD:
 Introduce artiﬁcial simulators to solve local concerns;
 Optimize conﬂicting concerns at global level;
 Correctness veriﬁed via:
 Analytical solutions with toy examples;
 Simulation of the coupled model;
 High accuracy co-simulation;
 Beneﬁts:
 Leverage existing standards for co-simulation;
 Systematically address concerns while reusing existing
orchestration algorithms;
 Downsides (Future work):
 Keep scenarios readable;
 Huge search space for conﬂicting concerns;
 Lack of formal proof of convergence;
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Thank you!
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(MODELS 2014), pages 42–51. CEUR Workshop Proceedings (Vol-1340), sep
2014.
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,&± 0XOWL3DUDGLJP0RGHOOLQJIRU&\EHU3K\VLFDO6\VWHPV
0RGHOLQJRI&RRSHUDWLRQ%HKDYLRULQ IOH[LEOH
9HKLFOH 3ODWRRQ EDVHG RQ +\EULG $XWRPDWRQ   
DQG3UHGLFLWLYH$QDO\VLV
>ĞũůĂ ĂŶũĂŶŽǀŝĐͲDĞŚŵĞĚŽǀŝĐ
&ĂĐƵůƚǇŽĨůĞĐƚƌŝĐĂůŶŐŝŶĞĞƌŝŶŐ͕hŶŝǀĞƌƐŝƚǇŽĨdƵǌůĂ
ŽƐŶŝĂĂŶĚ,ĞƌǌĞŐŽǀŝŶĂ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕
DĂůĂŐĂ͕^ƉĂŝŶ
ϭ
&RQWHVW
ŽŽƉĞƌĂƚŝǀĞŝŶƚĞůůŝŐĞŶƚƚƌĂŶƐƉŽƌƚƐǇƐƚĞŵ;Ͳ/d^Ϳ
,ǇďƌŝĚĂƵƚŽŵĂƚŽŶŵŽĚĞůŝŶŐŽĨĨůĞǆŝďůĞsĞŚŝĐůĞ
WůĂƚŽŽŶ
dƌĂĨĨŝĐ ĂƚĂ ŶĂůǇƚŝĐ͗ WƌĞĚŝĐƚŝŽŶ ŽĨ ĐŽŽƉĞƌĂƚŝǀĞ     
ďĞŚĂǀŝŽƌƉƌŽĨŝůĞƵƐŝŶŐŶĞƵƌĂůŶĞƚǁŽƌŬĂŶĚĨƵǌǌǇʹ
ŶĞƵƌŽ;E&/^Ϳ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ Ϯ
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,QWURGXFWLRQ
 /ŶƚĞůůŝŐĞŶƚdƌĂŶƐƉŽƌƚƐǇƐƚĞŵƐ;/d^ͿŝƐŝŶƚŚĞĨƌĂŵĞǁŽƌŬŽĨ
ĐǇďĞƌͲƉŚǇƐŝĐĂůƐǇƐƚĞŵƐ͖
ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶ ďĞƚǁĞĞŶ ƉŚǇƐŝĐĂů ƐǇƐƚĞŵƐ ;ǀĞŚŝĐůĞƐͿ
ĚŝƐƚƌŝďƵƚĞĚ ŝŶĨŽƌŵĂƚŝŽŶ ŐĂƚŚĞƌŝŶŐ ĂŶĚ ĚŝƐƐĞŵŝŶĂƚŝŽŶ ŝŶĨƌĂƐƚƌƵĐƚƵƌĞ͘
 ŽŽƉĞƌĂƚŝǀĞ ŝŶƚĞůůŝŐĞŶƚ ƚƌĂŶƐƉŽƌƚ ƐǇƐƚĞŵ ;Ͳ/d^Ϳ͘
 ƵƐĞ ŽĨ ĐŽŵƉƵƚŝŶŐ ƌĞƐŽƵƌĐĞƐ ĨŽƌ ƉƌŽĐĞƐƐŝŶŐ͕ ĂŶĂůǇƐŝƐ͕ ƉƌĞĚŝĐƚŝŶŐ͕
ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ĚĂƚĂ͕
 ĐŽŵŵƵŶŝĐĂƚŝŽŶ ƌĞƐŽƵƌĐĞƐ ĨŽƌ ǀĞŚŝĐůĞƐ͕ ŝŶĨƌĂƐƚƌƵĐƚƵƌĞƐ ĂŶĚ ĐůŽƵĚ
ƐĞƌǀŝĐĞƐ ŝŶƚĞƌĂĐƚŝŽŶ ĂŶĚ ŵĂŶĂŐĞŵĞŶƚ͕
 ĐŽŶƚƌŽů ĨŽƌ ƐǇƐƚĞŵƐ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϯ
)OH[LEOH9HKLFOH3ODWRRQ
 sĞŚŝĐůĞWůĂƚŽŽŶͲ ƚŚĞĚĞƐŝƌĞĚďĞŚĂǀŝŽƵƌŽĨĂǀĞŚŝĐůĞŝƐŐĞŶĞƌĂůůǇ
ĚĞĨŝŶĞĚďǇĂĚĞƐŝƌĞĚĚŝƐƚĂŶĐĞƚŽƚŚĞƉƌĞǀŝŽƵƐǀĞŚŝĐůĞŝŶƚŚĞ
ƉůĂƚŽŽŶ͕ƚŚĞǇĐŽƵůĚĂůƐŽŐĂƚŚĞƌŝŶĨŽƌŵĂƚŝŽŶĂďŽƵƚƚŚĞ
ďĞŚĂǀŝŽƵƌĂŶĚĂƐƉĞĐƚƐŽĨƚŚĞƉůĂƚŽŽŶĂƐĂǁŚŽůĞ͘
 &ůĞǆŝďůĞ WůĂƚŽŽŶͲ ƐŵĂƌƚǀĞŚŝĐůĞƐǁŝƚŚĂƌƚŝĨŝĐŝĂůŝŶƚĞůůŝŐĞŶĐĞ
ĐŽƵůĚĞŶƚĞƌ͕ ŵĞƌŐĞŽƌ ůĞĂǀĞƚŚĞƉůĂƚŽŽŶǁŚĞŶĞǀĞƌƚŚĞĚƌŝǀĞƌ
ǁĂŶƚƐ͘
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϰ
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0DLQFRQFHSWRI5HVHDUFK
DŝŶŽƌĂƚƚĞŶƚŝŽŶͲ ƚŽĐŽŽƌĚŝŶĂƚĞĚŵĂŶĞƵǀĞƌŝŶŐ͕
ƚĞƐƚŝŶŐǁŝƚŚƌĞĂůǀĞŚŝĐůĞƐǁŚŝĐŚĐĂŶĚƌŝǀĞ
ĂƵƚŽŶŽŵŽƵƐůǇƌĞƋƵŝƌĞƐĂůĂƌŐĞͲƐĐĂůĞŝŶĨƌĂƐƚƌƵĐƚƵƌĞ
ǁŝƚŚŝŵƉŽƌƚĂŶƚƐĞĐƵƌŝƚǇŵĞĂƐƵƌĞƐ͘
DŽĚĞůŝŶŐŽĨ&ůĞǆŝďůĞWůĂƚŽŽŶ
 ƉƌŽƉŽƐĞŚǇďƌŝĚĂƵƚŽŵĂƚŽŶŵŽĚĞůŝŶŐŝŶ
DĂƚůĂďͬ^ŝŵƵůŝŶŬͬ^ƚĂƚĞĨůŽǁƚŽĞŵƵůĂƚĞĨůĞǆŝďůĞƉůĂƚŽŽŶŝŶŐ
ĐŽŶĚŝƚŝŽŶƐ
 ŐĞŶĞƌĂƚŝŽŶŽĨƐƉĞĐŝĨŝĐŵĂŶĞƵǀĞƌƉƌŽĨŝůĞ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϱ
*RDORIWKHUHVHDUFK
 /ŵƉƌŽǀĞŵĞŶƚŽĨƚƌĂĨĨŝĐ
ŵŽďŝůŝƚǇŝŶ/d^ƚŚƌŽƵŐŚ
ĂĐĐƵƌĂƚĞƉƌĞĚŝĐƚŝŽŶ
 ŶĂƉƉƌŽĂĐŚƚŽǁĂƌĚƐ
Ĩ Ě ůŶĞƵƌŽͲ ƵǌǌǇĂŶ ŶĞƵƌĂ 
ŶĞƚǁŽƌŬƉƌĞĚŝĐƚŝŽŶŽĨ
ĨůĞǆŝďůĞWůĂƚŽŽŶŝŶŐ
ĐŽŽƉĞƌĂƚŝŽŶƉƌŽĨŝůĞ
 ZĞĚƵĐŝŶŐ ƚŚĞƵŶĐĞƌƚĂŝŶƚǇŽĨ
ĨƵƚƵƌĞƚƌĂĨĨŝĐƐƚĂƚĞƐ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϲ
'DWD$QDO\WLF3ODWIRUP
7UDIILF'DWD3UHGLFWLRQ
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)OH[LEOH3ODWRRQPRGHOOLQJ
 ϯ ǀĞŚŝĐůĞƐ͗ ϭ ůĞĂĚĞƌ н Ϯ ĨŽůůŽǁĞƌƐ͖ ƐƚĂƌƚ ƐƉĞĞĚ ŽĨ ůĞĂĚĞƌ͗ ϴϬŬŵͬŚ͖
ĂĐĐĞůĂƌĂƚŝŶŐ ĂŶĚ ĚĞĐĞůĂƌĂƚŝŶŐ ŽĨ ǀĞŚŝĐůĞƐ
 dŚƌĞĞŽƉĞƌĂƚŝŽŶƐĨŽƌĨŽůůŽǁĞƌƐŝŶĨůĞǆŝďůĞWůĂƚŽŽŶ͗
 ũŽŝŶŝŶŐ
 ŵĞƌŐŝŶŐ
 ůĞĂǀŝŶŐ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϳ
)OH[LEOH3ODWRRQ PRGHOLQJ
 ,ǇďƌŝĚ ĂƵƚŽŵĂƚŽŶ с ĐŽŵƉůĞǆ ĚǇŶĂŵŝĐƐ ŽĨ ĞĂĐŚ ǀĞŚŝĐůĞ н
ĚŝƐĐƌĞƚĞ ĐŽŽƉĞƌĂƚŝŽŶ ĂƉƉƌŽĂĐŚ ;ĨŝŶŝƚĞ ƐƚĂƚĞ ŵĂĐŚŝŶĞ͕ &^DͿ
Dd>ͬ^ŝŵƵůŝŶŬͬ^ƚĂƚĞĨůŽǁ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϴ
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9HKLFOHPRGHOLQJ
 ƉƉůŝĐĂƚŝŽŶ ŽĨ EĞǁƚŽŶ͛Ɛ ƐĞĐŽŶĚ ůĂǁ ŽŶ ǀĞŚŝĐůĞ ŵŽǀŝŶŐ
͘ 'ĂĐŽǀƐŬŝ͕ ^͘ ĞƐŬŽǀƐŬŝ͕ ΗŝĨĨĞƌĞŶƚ ŽŶƚƌŽů ůŐŽƌŝƚŚŵƐ ĨŽƌ Ă WůĂƚŽŽŶ ŽĨ ƵƚŽŶŽŵŽƵƐ
sĞŚŝĐůĞƐΗ͕ /ŶƚĞƌŶĂƚŝŽŶĂů :ŽƵƌŶĂů ŽĨ ZŽďŽƚŝĐƐ ĂŶĚ ƵƚŽŵĂƚŝŽŶ ;/:ZͿ͕ ϯ;ϯͿ͕ ϭϱϭ ;ϮϬϭϰͿ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϵ
9HKLFOHPRGHOLQJ
 >ŝŶĞĂƌƐƚĂƚĞƐƉĂĐĞŵŽĚĞůŽĨƚŚĞŝͲƚŚǀĞŚŝĐůĞŝŶƚŚĞƉůĂƚŽŽŶ͗
 ǁŚĞƌĞ ŝƐĐŽŶƐƚĂŶƚĚŝƐƚĂŶĐĞďĞƚǁĞĞŶŝͲϭͲƚŚĂŶĚŝͲƚŚ
ǀĞŚŝĐůĞ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϬ
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&RQWUROPRGXOHRI)RORZHUV
W/ ĐŽŶƚƌŽůůĞƌ
͘ 'ĂĐŽǀƐŬŝ͕ ^͘ ĞƐŬŽǀƐŬŝ͕ ΗŝĨĨĞƌĞŶƚ ŽŶƚƌŽů ůŐŽƌŝƚŚŵƐ ĨŽƌ Ă WůĂƚŽŽŶ ŽĨ
ƵƚŽŶŽŵŽƵƐ sĞŚŝĐůĞƐΗ͕ /ŶƚĞƌŶĂƚŝŽŶĂů :ŽƵƌŶĂů ŽĨ ZŽďŽƚŝĐƐ ĂŶĚ ƵƚŽŵĂƚŝŽŶ
;/:ZͿ͕ ϯ;ϯͿ͕ ϭϱϭ ;ϮϬϭϰͿ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϭ
0RGHOOLQJ RIFRRSHUDWLRQEHWZHHQ
YHKLFOHV
 ,ǇďƌŝĚ ĂƵƚŽŵĂƚŽŶ ƚĂŬĞƐ ŝŶƚŽ ĂĐĐŽƵŶƚ ĐŽŵƉůĞǆ ĚǇŶĂŵŝĐƐ ŽĨ ĞĂĐŚ ǀĞŚŝĐůĞ
ĂƐ ǁĞůů ĂƐ ĚŝƐĐƌĞƚĞ ĐŽŽƉĞƌĂƚŝŽŶ ĂƉƉƌŽĂĐŚ͘
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϮ
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2XWSXWEHKDYLRXURIIOH[LEOH3ODWRRQ
)XQFWLRQRI
EHKDYLRU SDWWHUQ
LQWLPH
6FHQDULRGHVFULSWLRQ 2XWSXW
EHKDYLRU
 2QO\ /9 
 /9DQG)9 
 /9DQG%9 
 /9 GHFHOHUDWLRQ 
 KƵƚƉƵƚďĞŚĂǀŝŽƵƌ͗
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϯ

 $OOYHKLFOHV 
 /9DQG)9GHFHOHUDWLRQ 
 /9DQG%9GHFHOHUDWLRQ 
 /9DQG)9DFFHOHUDWLRQ 
 /9DQG%9DFFHOHUDWLRQ 
 $OOYHKLFOHVGHFHOHUDWLRQ 
 $OOYHKLFOHVDFFHOHUDWLRQ 
9HKLFOHVVSHHGSURILOHVDQGJHQHUDWHG
IXQFWLRQRIFRRSHUDWLRQEHKDYLRU
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϰ
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7UDIILFLQIRUPDWLRQSUHGLFWLRQV
 dƌĂĨĨŝĐŝŶĨŽƌŵĂƚŝŽŶƉƌĞĚŝĐƚŝŽŶƐ
 ƐƉĞĞĚ͕
 ĨůŽǁĂŶĚ
 ƚƌĂǀĞůƚŝŵĞ
dŚ ƚ ŝ Ĩ ŝ ƚŝ ƚ ĨĨŝ Ĩů Ěŝ ƚŝ Ś ƌĞĞĐĂ ĞŐŽƌ ĞƐŽ Ğǆ Ɛ ŶŐ ƌĂ Đ ŽǁƉƌĞ Đ ŽŶĂƉƉƌŽĂĐ ĞƐ
ĂƌĞƌĞĐŽŐŶŝǌĞĚ͗
 ƚŝŵĞͲƐĞƌŝĞƐĂƉƉƌŽĂĐŚĞƐ;ZDĂŶĚZ/DŵŽĚĞůͿ͕
 ƉƌŽďĂďŝůŝƐƚŝĐĂƉƉƌŽĂĐŚĞƐ;ĂǇĞƐŝĂŶŶĞƚǁŽƌŬ͕DĂƌŬŽǀĐŚĂŝŶ
ĂŶĚDĂƌŬŽǀƌĂŶĚŽŵĨŝĞůĚƐͿĂŶĚ
 ŶŽŶƉĂƌĂŵĞƚƌŝĐĂƉƉƌŽĂĐŚĞƐ;ĂƌƚŝĨŝĐŝĂůŶĞƵƌĂůŶĞƚǁŽƌŬƐ͕
ƐƵƉƉŽƌƚǀĞĐƚŽƌƌĞŐƌĞƐƐŝŽŶ;^sZͿ͕ƚŚĞĂĚĂƉƚŝǀĞŶĞƵƌŽͲĨƵǌǌǇ
ƐǇƐƚĞŵ;E&/^ͿͿ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϭϱ
$GDSWLYH1HXUUR)X]]\$1),6
SUHGLFWLRQPHWKRG
 dŚĞĂƌƚŝĨŝĐŝĂůŶĞƵƌĂůŶĞƚǁŽƌŬ;EEͿͲ ĂƐĂŶĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚĨŽƌ
ǀĂƌŝŽƵƐƉƌĞĚŝĐƚŝŽŶ ƉƵƌƉŽƐĞƐ͘ĞŶĞĨŝƚ͗ŝŶĚĞƉĞŶĚĞŶĐǇŽŶƚŚĞ
ŬŶŽǁůĞĚŐĞŽĨŝŶƚĞƌŶĂůƐǇƐƚĞŵƉĂƌĂŵĞƚĞƌƐ͕ ĐŽŵƉƌĞƐƐĞĚĐŽŵƉĂĐƚ
ƐŽůƵƚŝŽŶŝŶƚĞƌŵƐŽĨŵƵůƚŝͲǀĂƌŝĂďůĞƉƌŽďůĞŵƐĂŶĚƌĂƉŝĚ
ĐŽŵƉƵƚĂƚŝŽŶ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ
͘
 dŚĞE&/^ŝƐĂ ƉĂƌƚŝĐƵůĂƌĐůĂƐƐŽĨƚŚĞEEĨĂŵŝůǇǁŝƚŚĂƚƚƌĂĐƚŝǀĞ
ĞƐƚŝŵĂƚŝŽŶĂŶĚůĞĂƌŶŝŶŐƉŽƚĞŶƚŝĂůƐ͘
 dŚĞE&/^ĐŽŵďŝŶĞƐƚŚĞƉŽǁĞƌŽĨƚŚĞ&/^ǁŝƚŚĂŶĞƵƌĂůŶĞƚǁŽƌŬ
ďĂĐŬͲƉƌŽƉĂŐĂƚŝŽŶůĞĂƌŶŝŶŐĂůŐŽƌŝƚŚŵ͘
 ĚĂƉƚŝǀĞŶĞƵƌŽͲĨƵǌǌǇ;E&/^ͿĐŽŵƉƵƚŝŶŐƚĞĐŚŶŝƋƵĞͲ ƚŽĞƐƚŝŵĂƚĞ
ƚŚĞĐŽŽƉĞƌĂƚŝǀĞŝŶƚĞƌĂĐƚŝŽŶƐƉƌŽĨŝůĞŝŶƌĞůĂƚŝŽŶƚŽƚŚĞƐƉĞĞĚƐŽĨ
ƚŚĞůĞĂĚĞƌĂŶĚĨŝƌƐƚĂŶĚƐĞĐŽŶĚĨŽůůŽǁĞƌǀĞŚŝĐůĞƐ͘
ϭϲ
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1HXUUR)X]]\0RGHO$1),6
 dŚĞE&/^ƐƚƌƵĐƚƵƌĞĐŽŶƐŝƐƚƐŽĨϱůĂǇĞƌƐ
ƉƌĞŵŝƐĞƉĂƌĂŵĞƚĞƌƐ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ
ŵĞŵďĞƌƐŚŝƉůĂǇĞƌ
ƌƵůĞůĂǇĞƌ
ĐŽŶƐĞƋƵĞŶƚƉĂƌĂŵĞƚĞƌƐ͘
ŽƵƚƉƵƚůĂǇĞƌ
$1),6 VWUXFWXUH
ϭϳ
3UHGLFWLRQUHVXOWVRIFRRSHUDWLRQ
EHKDYLRU SURILOH XVLQJ$1),6
 ZD^;ƌŽŽƚŵĞĂŶ
ƐƋƵĂƌĞĞƌƌŽƌͿ͕
ĐŽĞĨĨŝĐŝĞŶƚŽĨ
ĚĞƚĞƌŵŝŶĂƚŝŽŶ;ZϮͿ
dŚ ď ů Ĩ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ
 Ğ ĞƐƚƌĞƐƵ ƚŽ 
ƉƌĞĚŝĐƚŝŽŶZϮсϬ͘ϵϵ͕
ZD^сϬ͘ϭϱϱĂŶĚ
D^сϬ͘ϬϮĨŽƌϳ'ĂƵƐƐ
ŵĞŵďĞƌƐŚŝƉĨƵŶĐƚŝŽŶƐ
ĨŽƌĞĂĐŚŝŶƉƵƚ
ǀĂƌŝĂďůĞƐŝŶϭϬĞƉŽĐŚƐ͘
ϭϴ
/ %DQMDQRYLF0HKPHGRYLF 1 'HOLF , %XWLJDQ 6 .DVDSRYLF DQG , %RVDQNLF 1HXURIX]]\ SUHGLFWLRQ RI
FRRSHUDWLRQ LQWHUDFWLRQ SURILOH RI IOH[LEOH URDG WUDLQ EDVHG RQ K\EULG DXWRPDWRQ PRGHOLQJ WK ,QWHUQDWLRQDO
&RQIHUHQFH RQ 7UDQVSRUWDWLRQ DQG 7UDIILF (QJLQHHULQJ ,&77(  SS  /XFHUQ 6ZLW]HUODQG 
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1HXUDOQHWZRUNDVSUHGLFWLRQPHWKRG
 dŚĞĂƌƚŝĨŝĐŝĂůŶĞƵƌĂůŶĞƚǁŽƌŬ;EEͿͲ ĂƐĂŶĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚĨŽƌ
ǀĂƌŝŽƵƐƉƌĞĚŝĐƚŝŽŶ ƉƵƌƉŽƐĞƐ͘
 ĞŶĞĨŝƚ͗ŝŶĚĞƉĞŶĚĞŶĐǇŽŶƚŚĞŬŶŽǁůĞĚŐĞŽĨŝŶƚĞƌŶĂůƐǇƐƚĞŵ
ƉĂƌĂŵĞƚĞƌƐ͕ ĐŽŵƉƌĞƐƐĞĚĐŽŵƉĂĐƚƐŽůƵƚŝŽŶŝŶƚĞƌŵƐŽĨŵƵůƚŝͲ
ŝ ďů ďů Ě ŝĚ ŝ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ
ǀĂƌ Ă ĞƉƌŽ ĞŵƐĂŶ ƌĂƉ ĐŽŵƉƵƚĂƚ ŽŶ͘
 EZyŶĞƵƌĂůŶĞƚǁŽƌŬͲ ƚŽĞƐƚŝŵĂƚĞƚŚĞĐŽŽƉĞƌĂƚŝǀĞŝŶƚĞƌĂĐƚŝŽŶƐ
ƉƌŽĨŝůĞŝŶƌĞůĂƚŝŽŶƚŽƚŚĞƐƉĞĞĚƐŽĨƚŚĞůĞĂĚĞƌĂŶĚĨŝƌƐƚĂŶĚƐĞĐŽŶĚ
ĨŽůůŽǁĞƌǀĞŚŝĐůĞƐ͘
ϭϵ
6WUXFWXUHRI1$5;
 EZyŶĞƵƌĂůŶĞƚǁŽƌŬͲ ĨĞĞĚďĂĐŬ
ĚǇŶĂŵŝĐŶĞƵƌĂůŶĞƚǁŽƌŬ͕ƚŚĞ
ŽƵƚƉƵƚƐŝŶƚŝŵĞƐĞƌŝĞƐĚĞƉĞŶĚƐ
ŽĨĐƵƌƌĞŶƚŝŶƉƵƚƐĂŶĚƉƌĞǀŝŽƵƐ
ŽƵƚƉƵƚƐ͘
 dŚĞŝŶƉƵƚƉĂƌĂŵĞƚĞƌƐ ŽĨƚŚĞ
EZyŶĞƚǁŽƌŬ Ͳ ƚŚĞƚŝŵĞƐĞƌŝĞƐ
ŽĨƚŚĞůĞĂĚĞƌ͕ ĨŝƌƐƚĂŶĚƐĞĐŽŶĚ
ĨŽůůŽǁĞƌ Ɛ͛ƐƉĞĞĚƐ
 dŚĞŽƵƚƉƵƚƉĂƌĂŵĞƚĞƌŽĨƚŚĞ
EZyŶĞƚǁŽƌŬ Ͳ ƚŚĞƌŽĂĚ
ĐŽŽƉĞƌĂƚŝŽŶďĞŚĂǀŝŽƵƌƉƌŽĨŝůĞ
ĨƌŽŵƚŚĞWůĂƚŽŽŶŚǇďƌŝĚ
ĂƵƚŽŵĂƚŽŶ
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϮϬ
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3UHGLFWLRQUHVXOWVRIFRRSHUDWLRQ
EHKDYLRU SURILOH XVLQJ1$5;
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ Ϯϭ
3UHGLFWLRQUHVXOWVRIFRRSHUDWLRQ
EHKDYLRU SURILOH XVLQJ1$5;IRUFDVH
QRLVHGWHVWGDWD
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ ϮϮ
 ĞŚĂǀŝŽƵƌ ƐĐĞŶĂƌŝŽ͕ǁŝƚŚϯϮϬϭƐĂŵƉůĞƐ͘
/%DQMDQRYLF0HKPHGRYLF,%XWLJDQ0.DQWDUG]LF6.DVDSRYLF3UHGLFWLRQRI&RRSHUDWLYH3ODWRRQLQJ
0DQHXYHUV XVLQJ1$5;1HXUDO1HWZRUN,(((6PDUWV\VWHPVDQG7HFKQRORJ\667 SS
&URDWLD2FWREDU
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&RQFOXVLRQ
 &ůĞǆŝďůĞsĞŚŝĐůĞWůĂƚŽŽŶ ŚǇďƌŝĚĂƵƚŽŵĂƚŽŶŵŽĚĞůͲ
ĚĞǀĞůŽƉĞĚƚŽƐŝŵƵůĂƚĞĐŽŶƚƌŽůĂŶĚĐŽŽƉĞƌĂƚŝŽŶŝŶƚĞƌĂĐƚŝŽŶƐ
ďĞƚǁĞĞŶƚŚĞǀĞŚŝĐůĞƐ ;ũŽŝŶ͕ŵĞƌŐĞ͕ůĞĂǀĞ WůĂƚŽŽŶͿ
 dŚĞƉƌŽƉŽƐĞĚŽƵƚƉƵƚďĞŚĂǀŝŽƌĨƵŶĐƚŝŽŶ
 ĨƌŽŵ ďĞŚĂǀŝŽƵƌƉĂƚƚĞƌŶƐŽĨ ƚŚĞZŽĂĚdƌĂŝŶ ƚŽ ƐƉĞĐŝĨŝĐ
ĐŽŽƉĞƌĂƚŝŽŶďĞŚĂǀŝŽƌ ƉƌŽĨŝůĞ Ͳ ĚĞƐĐƌŝďĞƐ ƚŚĞĐŽŵƉůĞǆ
ƐǇƐƚĞŵŝŶƚĞƌĂĐƚŝŽŶƐŽŶůǇǁŝƚŚŽŶĞǀĂƌŝĂďůĞ͘
 dŚĞEZyEĞƵƌĂůŶĞƚǁŽƌŬĂŶĚE&/^ƚĞĐŚŶŝƋƵĞŚĂǀĞ ďĞĞŶ
ƵƐĞĚĨŽƌƉƌĞĚŝĐƚŝŽŶŽĨĨůĞǆŝďůĞsĞŚŝĐůĞWůĂƚŽŽŶĐŽŽƉĞƌĂƚŝŽŶ
ďĞŚĂǀŝŽƌ
 WƌŽĨŝůĞƵƐĞĨƵůĨŽƌ/ŶƚĞůůŝŐĞŶƚdƌĂĨĨŝĐDĞŶĂŐĞŵĞŶƚƐǇƐƚĞŵ͕
ƉƌĞĚŝĐƚŝŽŶŽĨƚƌĂĨĨŝĐŵŽďŝůŝƚǇŝŶ/d^͕ĂƐƐŽĐŝĂƚĞĚǁŝƚŚ
ƵŶĐĞƌƚĂŝŶƚŝĞƐ͘
K^d/ϭϰϬϰ EŽǀĞŵďĞƌϮϰͲϮϱ͕ϮϬϭϲ͕DĂůĂŐĂ͕^ƉĂŝŶ
Ϯϯ
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Introduction to Physical-Systems Modelling 
with Bond Graphs
Jan F. Broenink
University of Twente, NL
24 November, Malaga, Spain
C1404 – Multi-Paradigm Modelling for Cyber-Physical Systems
Tutorial-BG.key - 24 November 2016
Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Modelling — basics
• System 
• Parts forming a whole; parts have functional relationship 
• Has boundary: what belongs to the system and what not 
• Model (of a system) 
• Description of a system: parts & relations 
• SimpliRed, but complex enough 
- to study phenomena relevant for our problem context 
• Competent Model 
- as simple as possible, but sufRcient for the goal of the model 
• Modelling goals 
- understand dynamic behaviour 
- compute a reaction in a control system 
- predict in a design context
2
Figures taken from: 
J van Amerongen “Dynamical Systems” 
text book, see reference on slide 31  
Sometimes referred to as  Fig n.n JvA
Tutorial-BG.key - 24 November 2016
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Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Modelling - choices what eects to describe
• Network of basic elements 
• complex: structure in submodels, sub-submodels etc 
• What to model 
• depends on purpose / goal 
• Our case 
• understand physics / dynamic behaviour 
- on a rather global level 
- a network of elements 
• control law design 
- function blocks (transfer functions) is enough
3
Tutorial-BG.key - 24 November 2016
Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Interaction in Models
• Unilateral 
• signals approach 
• Bilateral 
• physical-systems approach 
• mutual inSuence 
• exchange of energy
4
Fig 1.4 and 1.5 JvA
Tutorial-BG.key - 24 November 2016
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Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Modeling: essential dynamics
• Dynamics 
• Behaviour depends on the past! 
• Change of variables is essential here 
• Time 
• continuous value of time 
• observe at Rxed intervals: discrete time 
• Examples
5
Tutorial-BG.key - 24 November 2016
Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Modelling: physics domains, bond graphs
• Domains 
• Electro-Magnetic, Mechanical: translation, rotation 
• Hydraulic, Thermal 
• Physical effects 
• in all domains the same 
• resulting in the same equations! 
• 9 basic elements 
• C, I, R, Se, Sf 
• TF: transformer; GY: gyrator 
• Network:  
- common effort => 0 junction 
- common Sow =>  1 junction
6
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Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Ideal behaviour — real components
• Ideal: only the essential effect (only one) 
• Elementary behaviour 
• Components 
• physical thing… Spring = spring, and mass, and friction, and? 
• parasitic effects 
• Lumped-parameter Models 
• assume all elementary properties concentrated in elements 
- mass => point mass 
- spring => only the spring behaviour, nothing more
7
Tutorial-BG.key - 24 November 2016
Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Electrical Domain
• Physics Concepts 
• Ideal Physical Models 
• Transformer 
• like ideal electrical transformer 
- u1 = n u2 
- i2 = n i1 
- n = n1 / n2 
• Gyrator 
• artiRcial element when within domain 
- u1 = r i2 
- u2 = r i1
8
 
 
 
 
 
 
 
 
transformer
Capacitor            Resistor              inductance
TF, GY: only transduce! P1 = P2
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Mechanical Domain
• Physics Concepts 
• Ideal Physical Models 
• Transformer 
• like ideal lever / gears / chain wheels 
- F1 = n F2 
- v2 = n v1 
- n = n1 / n2 
• Gyrator 
• transduction in electromotor 
- u1 = r 2 
- T2 = r i1
9
transformers
TF, GY: only transduce! P1 = P2
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see later!
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Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Bond Graphs — Essence
• Essential Idea 
• Graph to describe dynamic behaviour 
• Exchange of energy (Sow of power between nodes) 
- Domain-independent  
• Graphs: Bond Graphs / Ideal Physical Models 
• Directed graph: submodels & ideal connections 
• 5 basic physical effects 
- storage (C, I), dissipation (R), transformation (TF, GY), networks (0, 1), sources (Se, Sf) 
• Model elements 
- describe only one single physical effect 
- compound structures: network of elements 
• Encapsulation of contents 
• Interface: ports with 2 variables 
- (u, i): voltage & current; (F, v): force & velocity  
• Equations as equalities (math. Equations) 
- Not as algorithm: u = i * R   ->  u := i * R  of  i := u / R
10
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Domain-independent descriptions
• Use analogies of physical phenomena 
• concepts are the same in different domains 
- Capacitor ~ Spring 
- Coil ~ Mass 
- Resistor ~ Friction 
- E-Transformer ~ Lever, gear wheels 
- Kirchhoff, d’Alembert: 0 and 1 junction 
• Mapping of variables to each other, and general version 
- u, F, e and i, v, f 
- methodological choice! 
• Based on energy exchange… using power ports 
- P = ui      P = Fv      P = T        P = p
- u, i      F, v     T,     p,     power conjugated variables 
• See connections of elements as ports 
- power goes in / out => energy Sow 
- positive in direction of half-arrow head
11
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Jan Broenink young MPM4CPS, 17+18+ (19) Dec 2015 @ UT
Bond Graphs — Elements
• Capacitor, Coil, and Spring, Mass: C and I 
• store energy (and retrieve energy), 
• differential equation 
• Resistor, Damper, Friction: R 
• dissipates energy to thermal domain 
• gets lost for the E, M domains 
• Transformers, Levers, Motors: TF, GY 
• transform energy,  
• transduce, often to other domain 
• have 2 ports!  
• Junctions, 0 and 1 
• network, Kirchhoff, d’Alembert 
• common u, F -> 0 or common i, v -> 1 
• Source: voltage, current, force etc: Se, Sf 
• energy in / out rest of system 
• boundary condition
12
C I
R
TF GY
0 1
MSe
SfSe
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Produce bond graph out of physical-systems model — I
13
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Produce bond graph out of physical-systems model — I
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Signals versus Power Ports
14
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signal:  
only information
power:  
exchange of energy
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Transducers: DC motor
• Transduction only 
• Practical component 
• network model of it 
• motor E -> M 
• generator M-> E
15
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
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
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Jan Broenink CPS - PSMC / ECSI 3A/B, 201500053
Junctions: the equations
16
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junctions: the equations — II 
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0: common effort 
Sows ± sum
1: common Sow 
efforts ± sum
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Techniques — Modelling overview
• First step in Modelling - sketch, relational diagram 
• quite informal, Rrst step in modelling choices 
• Construct IPM or Bond Graph 
• Modelling choices are made 
• Network of ideal elements 
• Construct Bond Graph from IPM 
• 8-step procedure (see handout) 
• Convert Bond graph to Causal bond graph 
• add computational direction (automatically — 20-sim) 
• energy exchange => signals 
• gives insight in dynamic behaviour  
- on graph level already, no need to derive equations Rrst 
• Derive Equations (automatically — 20-sim) 
• Simulate 
• experiment, analyse
18
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Produce a bond graph from an IPM
• Identify domains and elements 
• Determine domains and basic elements 
• Indicate reference effort (velocity) 
• Generate connection structure 
• Identify all other efforts (velocities) 
• Draw efforts (velocities). not reference 
• Identify all effort differences (velocity differences) 
• Construct and draw effort (velocity) differences  
• Connect elements & Rnish 
• Connect ports of elements 
• Simplify the graph
19
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Causal analysis — causal constraints
• Determine the signal direction of variables at bonds 
• Causal constraints imposed by equations 
• Rxed causality 
- output is Rxed: Sources, non invertible equations 
• constrained causality 
- relations between different element ports: TF, GY, 0, 1 
• preferred causality 
- integrating causality for storage elements: C, I 
- initial condition, numerically easier 
• indifferent causality, no constraint 
- equations do not impose a computational order: R
20
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Causal analysis - procedure
• Procedure 
• work from strongest constraint downward 
• & propagate via junctions / TF, GY 
- 1. Fixed causality 
- 2. Preferred causality 
- 3. Indifferent causality 
• Insight 
• Complete after 2, 3: OK 
• Complete after 1: OK, no dynamics 
• ConSicts 
- @ 1: wrong model 
- @ 2: dependent storage elements (something forgotten?) 
- @ 3: algebraic loop (something forgotten?) 
• Solve conSicts 
- change model / manipulate graph 
- just simulate — need iteration in solver … 
21
Let 20-sim do this!!!!
Numbering of Causal Strokes 
reveals the order of assigning
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Generate Equations 
• Causal bond graph  
• no causal conSicts -> ODE 
• causal conSicts -> DAE 
• automated in most bond-graph software 
• Procedure 
• Mixed set of differential and algebraic equations 
- constitutive relations in causal form 
- 2n equations for n bonds 
• Eliminate algebraic equations 
- identities (Se, Sf, 0, 1),  
- multiplications (R, TF, GY) 
- equations junctions into ODE 
• Mark state variables (+ semi state vars)
22
Let 20-sim do this!!!!
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Bond-graph construction: example
23
/RDG
&DEOHGUXP
0RWRU0DLQV
v0
0
u0
U1 u2 u3
1
v1
1
1u3
0
u2u1
00
v1
1
1: domains and elements
2: reference e , v
3: other e , v
4: draw e , v 
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Bond-graph construction: example II
24
:U12 :U23
u1 u2 u3 1
v1
0 0 0 1
1
1 1
0 0
u1 u2 u3
1
v1
u12 u23
..
Usource
1
TF: /2D
Se: -mg
I:m
0 0 0 11 1
00
Se
R:Rel I:L
I:J
R:Rbearing
GY..
K
5: effort velocity differences, u12, u23
6: construct them
7: connect elements
8: simplify graph
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Bond-graph construction: example III
25
u1 u2 u3
1
v1
u12 u23
..
Usource
1
TF: /2D
Se: -mg
I:m
0 0 0 11 1
00
Se
R:Rel I:L
I:J
R:Rbearing
GY..
K
..
Usource
GY 1
1
1 TF: /2DSe
I:L
Se: -mg
I:m
I:J
R:RbearingR:Rel
..
K
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Bond-graph construction: example III
• Causality assignment 
• causal analysis
26
I:m
1R:RbearingR:Rel Se: -mg
1
2
3
4
5 6
7
8
GY1Se
I:L
..
K
..
Usource
1
I:J
9
10
11
TF: /2D
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Bond-graph construction: example IV
• Generation of Equations
27
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Bond-graph construction: example V
• Set ODEs
28
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Simulation
• Nicely automated by modern tools like 20-sim 
• Model is ODE or DAE (conSicts) 
• Aspects of models relevant for simulation 
• Presence of implicit equations 
- conSict at step 2 or at step 3 
- implicit integration methods only 
• Presence of discontinuities 
- special integration method  
• Numerical stiffness 
- S(t)=max(|Re((t)|)/min(|Re((t)|) 
• Oscillatory components (no damping) 
- stiff integration methods behave bad
29
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Review
• Bond graphs 
• domain independent 
• only macroscopic: no quantum effects 
• directed graph: parts interconnected by bonds 
• bond: energy relation <-> bilateral signal Sow 
• Methods 
• systematic method IPM --> Bond graph 
• causal analysis 
• equations, block diagrams 
• Object-oriented modeling 
• declarative, non-causal, hierarchical, deRnition & use 
• Not presented 
• multiple connections 
• multiport elements (transducers) 
• other causality algorithms
30
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Further Reading
• Fundamentals 
• Paynter, 61: Analysis and design of engineering systems, Class Notes - origin! 
• Breedveld, 84: Physical systems theory in terms of bond graphs, PhD thesis,  
• Breedveld, 85: Multibond–graph elements in physical systems theory, J. Franklin Inst 
• Textbooks 
• Karnopp, Margolis, Rosenberg, 90: System dynamics, a uniRed approach, Wiley 
• Thoma, 90: Simulation by bond graphs - Introduction to a graphical method, Springer 
• Cellier, 91: Continuous System Modeling, Springer 
• Job van Amerongen, 2011, Dynamical Systems for Creative technology (pdf also) 
- most Rgures in this slide set are from this text book 
• Conferences 
• ICBGM, 93, 95, 97, 99, etc even in 2016: in Winter Multiconference USA 
• Journals 
• Journal of the Franklin Institute, special issues on bond graphs (1991) 
• Journal of Dynamic Systems, Measurement and Control. 
• Software 
• Enport (Rosenberg), CAMP (Granda), MS1 (Lorenz), 20-sim (Broenink), Amesim 
31
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Examples to look at  / or try out yourself
• Examples Directory 
• bond graphs 
- speaker - 2D transduction with storage 
- trolley - 2D mechanics 
- Newton Craddle - contact 
• 3D mechanics 
- knuckleBoomCraneKeyboard 
- Complex robot OSCAR 
• Control 
- Advanced Control / FSM 
- Finite State Machines stuffed in 20-sim 
- Standard Control 
- Active suspension
32
Quarter Car Model 
vertical movement at 1 wheel
controlled 2nd order system 
favorite test model
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Patrizio Pelliccione
Associate Professor (Docent),  Chalmers|GU
www.patriziopelliccione.com   
Architecting the next generation 
of vehicles
November 24-25, 2016, Malaga, Spain 
COST Action “IC1404 – Multi-Paradigm Modelling for 
Cyber-Physical Systems” 
A car is a 
complex system 
Thanks to Martin Hiller, Fuse meeting - September 23, 2016 
160
A car is a 
complex system 
Thanks to Martin Hiller, Fuse meeting - September 23, 2016 
How many 
Electronic Control 
Units (ECUs) in a 
car?
TVM
0x1301
optional
SRS
Supplementary 
Restraint System
0x1C01
CEM
Central Electronic Module
0x1A01
VCM
Vehicle
Connectivity
Module
0x1001
Chassis CAN HS 
0x161x
Propulsion CAN HS 0x163x
ASDM
Active Safety
 Domain Master
0x1401
ECM
0x1630
PSCM
0x1612
PSCR
0x1613
optional
SUM
0x1614
optional OBC
0x1634
optional 
BECM
0x1635
optional
DEM
0x1638
optional
IGM
0x1636
optional
IEM
0x1637
optional
SODL
0x1432
optional
SODR
0x1433
optional
RML
0x1416
RMR
0x1417
DMM
0x1415
optional
CCM
0x1A11
DDM
0x1A12
POT
0x1A15
optional
PDM
0x1A13
PSMD
0x1A14
optional
TRM
0x1A17
optional
Body CAN HS 
0x1A1x
DIM
Driver
Imformation
Module
0x1801
IHU
Infotainment 
Head Unit
0x1201
OWS
0x1C42
optional
LIN10 0x1C4x
DDS
0x1A22
RDDM
0x1A21
LIN5 0x1A2x
RPDM
NAD 21
LIN9 0x1A8x
ACM
0x1655
optional
ASWM
OHRL
optional
LIN14 0x1B9x
BBS
0x1B51
optional
IMS
0x1B52
optional LIN2 
0x1B5x
WMM
IRMM
AHML
optional
FFML
optional
MAM
WAM
0x1431
optional
AUD
0x1212
optional
MOST150 
0x121x LIN 
CAN 
MOST 150 
FlexRay 
J1962
Diagnostic Connector
Diagnostics
Ethernet
Backbone
FlexRay
Ethernet
SCL
0x1615
SAS
0x1616 EGSM
0x1633
optional
TCM
0x1632
optional
PreSideNT_L
0x1413
optional
PreSideNT_R
0x1414
optional
HUD
0x1841
optional
TEM
0x1011
optional
USB 0x101x 
Propulsion CAN HS 
HIRL
optional
AHMR
optional
FFMR
optional
HIRR
optional
BMS
0x1B61
OHC
0x1B22
LIN0 (K-line) 
0x1B3x
LIN17 0x1A6x
LIN18 0x1A7x
CCSM
0x1265
DMSM
0x1266
optional
RCSM
0x1264
optional
AGM
NAD 01
ASSM
NAD 02
LIN7 0x166x
ECPM
NAD 09
optional
LIN4 0x164x
LIN19 0x126x 
USB 
SWSM
0x1843
BCSM
FMDM
0x1B62
SUS
0x1B92
PSMP
0x1A1A
optional
VDDM
Vehicle
Dynamics
Domain
Master
0x1601
BCM
Brake
Control
Module
0x1631
VDDM
Vehicle Dynamics
Domain Master TDMR
0x1639
optional
SWM
0x1B91
Hard-Wire
PAS
GPCM
0x1658
optional
WLAN
LIN6 0x165x
Int. 
WLAN
Ext. WLAN/3G/4G
RLSM
0x1B11
IDR
optional
IDD
0x1A23
optional
IDDR
0x1A24
optional
IDP
NAD 23
optional
IDPR
NAD 24
optional
LIN/Cooling
Stepper Motors 
& Sensors
ACCM
0x1657
optional
BT
CPM
0x1A7A
optional
SCMP
NAD 53
SCMD
0x1A53
optional
PSRL
0x1A56
optional
PSRR
0x1A5C
optional
LIN21 0x1A5x
HVCH
0x1A7A
SHMR
0x1A73
SHRR
0x1A74
HUS
0x1A72
HBMR
0x1A61
SHML
NAD 73
SHRL
NAD 74CCSM
HBMF
0x1A60
AEMM
0x163B
optional
30, Battery feed
ESM
0x163A
optional
GSM
0x1661
optional
TACM
0x163C
optional 
LIN22 0x1A4x
EDCP
0x165A
optional
CSD
0x1241
OHTR
optional
OHCR
0x1B23
optional
SFM3
0x1A54
optional
OHRR
optional
LIN8 0x1BAx Spare 
LIN15 0x1B4x Spare 
Body CAN HS 
0x1A1x
LIN16
0x1B6x
LIN13
0x1B8x
LIN12
0x1B7x
LIN1
0x1B1x
LIN3 
0x1B2x
CAN 0x1BBx Spare 
HBCP
NAD 41
optional
LIN23
AN
D
RSHC
0x1267
optional
Can not 
co-exist
http://slidegur.com/doc/173817/swc-reqs-test.v001Kent Niesel 
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Functional
architecture
Logical
architecture
Technical 
architecture
Safety
Qualities
Security
Energy
Cost
NHV – Noise,
Vibration, 
Harshness Weight 
CI&D
Car in a SoS 
Ecosystem & Transparency 
Autonomous vehicle Variability 
A car is a 
complex system 
Which formalism to use to describe the 
architecture of a complex system? 
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Architecture Description Language (ADL)? UML / UML profile? 
Which formalism to use to describe the architecture 
of a complex system? 
Survey on ALs – research questions 
RQ1: What are the architectural description needs of practitioners? 
RQ2: What features typically supported by existing architectural languages are 
useful (or not useful) for the software industry? 
• Interviewed 48 practitioners from 40 different IT 
companies in 15 countries (questionnaire of 51 
questions)
I. Malavolta, P. Lago, H. Muccini, P. Pelliccione, A. Tang (2013)  What Industry Needs from 
Architectural Languages : A Survey, IEEE Transactions on Software Engineering (TSE) 
39: 6. 869-891
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Survey on ALs – some findings
1. Architectural languages used in practice mostly originate from industrial 
development instead of from academic research 
• Implication: Need of understanding industrial requirement 
2. ALs should combine features supporting both communication and disciplined 
development. We call this the introvert versus extrovert nature of architect 
role.
3. Organizations prefer semi-formal and generic ALs to formal and domain-
specific ones 
• Implication: ALs should be simple and intuitive to communicate the right message to 
stakeholders, while enabling formality so to drive analysis and automatic tasks 
4. Unclear the Return on Investment (ROI)
List of Architectural Languages: http://www.di.univaq.it/malavolta/al/
Architecture Description Language (ADL)? UML / UML profile? 
A set of them, many tools? 
Which formalism to use to describe the architecture 
of a complex system? 
164
Multiple views! 
Multiple views !?! 
• Who are the intended consumers of a view? 
• What’s the purpose of a view? 
• What’s the rationale of a view? 
• Why are we using this specific modeling 
environment?
• How the different views relate each other? 
165
Architecture Framework ! 
An architecture framework is a coordinated set of viewpoints, 
conventions, principles and practices for architecture description 
within a specific domain of application or community of stakeholders 
42010-2011 - ISO/IEC/IEEE Systems and software 
engineering -- Architecture description 
https://standards.ieee.org/findstds/standard/42010-2011.html
Architecture
Framework
42010-2011 - ISO/IEC/IEEE  
Systems and software engineering -- 
Architecture description 
166
Architecture
Description
42010-2011 - ISO/IEC/IEEE  
Systems and software engineering -- 
Architecture description 
Architecture Framework 
• A set of general elements of an architecture described by use of a concise and 
consistent terminology 
• Guidance and rules for modelling, documenting, developing, understanding, analysing, 
using, and comparing architectures based on a common denominator (/ISO42010/) across 
a (virtual) development organization (i.e. value net).
• The intention of an architecture framework for the automotive industry is to 
• ensure that descriptions of vehicle architectures can be compared and related across
different vehicle programs, development units and organizations 
• establish the foundation for overall value creation efficiency, risk reduction and, 
ultimately, increased innovation 
M. Broy, M. Gleirscher, S. Merenda, D. Wild, Automotive Architecture Framework: Towards a Holistic and Standardised System Architecture 
Description - an overview on description concepts, models and methods, Tech. Rep. of the Techn. Universität München - June 2009. 
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Macro organization
of work 
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P. Pelliccione, E. Knauss, R. Heldal, M. Agren, P. Mallozzi, A. Alminger, D. Borgentun, Automotive Architecture Framework: the experience of Volvo Cars,
submitted to Journal of System Architecture (JSA).    
P. Pelliccione, E. Knauss, R. Heldal, M. Ågren, P. Mallozzi, A. Alminger, D. Borgentun, A proposal for an Automotive Architecture Framework for Volvo 
Cars, Second International Workshop on Automotive Software Architectures WICSA/CompArch 2016 April 5 2016, Venice, Italy (2016)  
Volvo Cars Architecture framework 
Identified problem within Volvo Cars 
• The actual architecture of the car is not exactly the one 
conceived by the architects 
• The architecture is also emerging during development (bottom-up) 
• Some architectural decisions are made unconsciously 
• Which decisions have an impact on the architecture? – not easy 
• Some “actual” architects do not have the title of architect 
As-Intended As-RealizedGAP
Architecture degradation
• Architecture erosion
• Architecture drift 
S
ta
te
 o
f P
ra
ct
ic
e 
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Limitations of the actual architecture description 
• Importance varies over time 
• Easily becomes out of date 
• Too many details 
• Variability management 
• Should better document the design decisions 
• Should better document / make explicit the assumptions made 
• Should be a living document connected with the other development 
phases
• Should handle different views and viewpoints of different stakeholders’ 
concerns
• Present and Future mixed in the same document 
S
ta
te
 o
f P
ra
ct
ic
e 
U. Eliasson, R. Heldal, P. Pelliccione, J.Lantz (2015)  Architecting in the Automotive Domain: Descriptive vs Prescriptive Architecture In: In Proceedings 
of 12th Working IEEE / IFIP Conference on Software Architecture (WICSA 2015), IEEE, Montreal, Canada. 
R. Heldal, P. Pelliccione, U. Eliasson, J. Lantz, J. Derehag, J. Whittle, Descriptive vs Prescriptive Models in Industry, Models 2016, St-Malo, France, 2016 
Volvo Cars Architecture framework 
• Focus on:
• System of Systems (SoS) 
viewpoint
• Continuous Integration & 
Deployment (CI&D) viewpoint 
• Ecosystem viewpoint 
P. Pelliccione, E. Knauss, R. Heldal, M. Agren, P. Mallozzi, A. Alminger, D. Borgentun, Automotive Architecture Framework: the experience of Volvo Cars,
submitted to Journal of System Architecture (JSA).    
P. Pelliccione, E. Knauss, R. Heldal, M. Ågren, P. Mallozzi, A. Alminger, D. Borgentun, A proposal for an Automotive Architecture Framework for Volvo 
Cars, Second International Workshop on Automotive Software Architectures WICSA/CompArch 2016 April 5 2016, Venice, Italy (2016)  
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Architecture Framework: stakeholders 
Architecture Framework: scenarios 
170
Car in a SoS: concerns 
• Once the car is part of a SoS, how to guarantee functional
safety requirements?
• Once functional safety requirements involve devices 
that are outside of the vehicle (other constituent systems 
of the SoS), how to ensure that these requirements will be 
guaranteed?
• How the methods and processes for end-to-end function 
development and continuous delivery of software need to 
evolve to be suitable in a systems of systems setting? 
• Which functions in the car are allowed to use data coming 
from other constituents? Distributed end-to-end functionality 
Safety
P. Pelliccione, E. Johansson, T. Larsson, M. Aramrattana, M. Ågren, G. Jonsson and R. Heldal, Cars as constituents of a System of Systems, ECSA 
Colloquium on Software-intensive Systems-of-Systems (SiSoS), ACM 2017. 
P. Pelliccione, E. Knauss, R. Heldal, M. Agren, P. Mallozzi, A. Alminger, D. Borgentun, Automotive Architecture Framework: the experience of Volvo 
Cars, submitted to Journal of System Architecture (JSA).   
Car in a SoS: concerns 
• How to enable a reliable and efficient communication
between the vehicle and heterogeneous entities, like other 
vehicles, road signals, pedestrians, etc.? 
• How to be sure that the vehicle and other constituent 
systems of the SoS will be able to exchange information 
and to use the information that has been exchanged? 
• How to keep the data shared within the SoS (and possible 
replication of data) sufficiently updated or synchronized?
• How to manage the age of available information?
Connectivity and Heterogeneity
of communication channels 
Interoperability among constituent systems 
(cars, road signals, road infrastructure, )
P. Pelliccione, E. Johansson, T. Larsson, M. Aramrattana, M. Ågren, G. Jonsson and R. Heldal, Cars as constituents of a System of Systems, ECSA 
Colloquium on Software-intensive Systems-of-Systems (SiSoS), ACM 2017. 
P. Pelliccione, E. Knauss, R. Heldal, M. Agren, P. Mallozzi, A. Alminger, D. Borgentun, Automotive Architecture Framework: the experience of Volvo 
Cars, submitted to Journal of System Architecture (JSA).   
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Car in a SoS: concerns 
• How to guarantee that the security of the vehicle 
is preserved once the vehicle becomes 
connected?
• How to identify the right tradeoff between shared 
data and users' privacy? 
• Which functions in the car are allowed to make 
use of data coming from other constituents? 
Cyber security and privacy 
P. Pelliccione, E. Johansson, T. Larsson, M. Aramrattana, M. Ågren, G. Jonsson and R. Heldal, Cars as constituents of a System of Systems, ECSA 
Colloquium on Software-intensive Systems-of-Systems (SiSoS), ACM 2017. 
P. Pelliccione, E. Knauss, R. Heldal, M. Agren, P. Mallozzi, A. Alminger, D. Borgentun, Automotive Architecture Framework: the experience of Volvo 
Cars, submitted to Journal of System Architecture (JSA).   
CI&D viewpoint: concerns 
• How can we avoid building the wrong architecture?
• How can we reduce the number of architectural 
assumptions?
• How can a system respond quicker to changes in 
the market? 
• How can we deal with changing interfaces?
• How can we deal with dependencies?
C. Yang, P. Liang, P. Avgeriou, U. Eliasson, R. Heldal, P. Pelliccione, T. Bi, Documentation of software architectural assumptions: An industrial 
case study, Submitted to Journal of systems and Software (JSS) 
E. Knauss, P. Pelliccione, R. Heldal, M. Ågren, S. Hellman, D. Maniette: Continuous Integration Beyond the Team: A Tooling Perspective on 
Challenges in the Automotive Industry. ESEM 2016: 43:1-43:6 
A. Shahrokni, P. Gergely, J. Söderberg, P. Pelliccione (2016)  Organic Evolution of Development Organizations - An Experience Report In: SAE 
2016 World Congress and Exhibition - Model-Based Controls and Software Development.  
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Ecosystem and transparency: concerns 
• Which types of value-chains are implied by a given 
system architecture and what is their purpose? 
• How to map supplier development capabilities to 
demands created by a specific system architecture? 
• How can we establish the required level of transparency
in a value-chain? 
• How can we manage transparency (e.g. of architectural 
decisions) in the face of changing suppliers? 
 R. van der Valk, P. Pelliccione , P. Lago , R. Heldal , E. Knauss, and J. Juul, Continuous Delivery in the Automotive Ecosystem: Transparency 
Trade-offs in Software Value-Chains, Submitted to International Conf. Software Engineering (ICSE) SEIP 2017. 
Ongoing work 
• Detailing the viewpoints 
 Identifying Model kinds 
• Modeling and managing relationships 
among viewpoints 
• Integrating Architecture framework with 
ATAM (Architecture Tradeoff Analysis Method)
173
Takeaways 
• Defining an architecture for a complex and real 
system is much more than just modeling 
• Effective solution in practice need to combine 
technical aspects with organization, process,
and business aspects 
• Architecture frameworks are a promising way to 
manage the complexity of the architecture of a 
complex and big system 
www.icsa2017.org
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A Multi-Domain Approach to Design of CPS in 
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Abstract   The paper presents a multi-domain approach to design of Cyber-Physi-
cal-Systems, especially in special education. The domains of game design for edu-
cation and the control systems design are merged into the domain of novel educa-
tional technology design.  The approach is tested within the recent EEA Grant 
project of Bulgaria and Norway "METEMSS: Methodologies and technologies for 
enhancing the motor and social skills of children with developmental problems".  A 
formalized model is proposed to account for the nature and direction of the incre-
mental game transformation based on the preferences of the individual child. The 
results provided statistically significant difference in the desired direction of game 
change. Examples with humanoid and non-humanoid educational robots are dis-
cussed with relevance to the topic of COST Action IC1404 WG3 Application Do-
mains. 
Keywords: Cyber-Physical Systems, multi-domain modeling, game design and 
evaluation, special education 
1 Introduction 
 
The concept of Cyber-Physical Systems (CPS) is being introduced to account for 
technical devices with certain adaptive, sensing and reasoning abilities with a vary-
ing degree of autonomous behavior within networked environments  (briefly named 
Internet-of-Things) – with or without the human in the information and control loop 
[1, 2, 3]. Seven types of CPS are most often discussed in the working documents of 
the EU [4, 5] (first 7 rows of Table 1). To them 3 additional, but none less important, 
can be proposed as emerging and rapidly acquiring influence in present day society 
- under No 8-10 of Table 1.  
Environmental robotics includes swarm robots, robots intended to replace bees 
in the field, growing robots like trees, robotic fish intended to collect the underwater 
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pollution especially in bay areas of big cities and underwater cleaning of ship cor-
puses. Two such robotic systems are currently being developed under the FET Pro-
active funding scheme of the EC – 2015-2018: FLORA ROBOTICA and subCUL-
Tron [6]. 
The domain of CPS for creativity, art, social communication/media and compan-
ionship deal with the entertainment industry where robotic performance is compa-
rable to the human one – in composing music, painting, performing music or danc-
ing and in simulating human-to-human communication in the social media [e.g. 7, 
8].  
Table 1. Classification of Cyber-Physical Systems 
No Cyber-Physical Systems  
1. Disabled People 
2. Healthcare 
3. Agriculture & Food Supply 
4. Manufacturing 
5. Energy & Critical Infrastructures 
6. Transport & Logistics 
7. Community Security & Safety 
8. Environmental Robotics 
9. Creativity, Art, Social Communication/media and Companionship 
10. Education & Pedagogical Rehabilitation 
 
 
The education & pedagogical rehabilitation frameworks have emerged recently 
but have been employed widely for implementing information and robotic technol-
ogy in clinics and special education [e.g. 9, 10, 11]. A promising case is the Wizard 
of Oz experimental framework for the analysis of the human response to the perfor-
mance of the robot [12]. 
We witness the emergence of a new ontology, so-called ‘rob-ontology’ with a 
special application domain being education. Currently robots are being used as part 
of the subject “informatics” (i.e. computer science) or in extra-curriculum lessons. 
Our view is that the moment of introducing robots at school is late – at the age of 
12 or older - whereas almost all above mentioned robotic systems and platforms are 
designed for little children. If we populate the child’s environment with robots from 
the age of 3, this will help feel comfortable with technology from a very early age, 
very much in the same way as smartphones and laptops have already done. This will 
also open workplace for technicians, engineers, software developers and multidis-
ciplinary teams, including psychologists and special education teachers, at kinder-
garden and school and will give examples of highly skilled jobs to the children. The 
educators will learn technical and programming skills to operate the robotic plat-
forms.  
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The robots will assist the teachers in the process by exhibiting cognitive and so-
cial skills in an amusing learning environment. The process of implementing robotic 
technology at school is to be gradual – from simple to more complex behaviors of 
the robot. The schools that decide not to implement robotics will be at disadvantage 
with the others, so legal regulation will be necessary to promote the new trend 
with using robot assistants to the teacher. Parents can be informed and attracted to 
the idea by pointing out the possibilities that robots can demonstrate regarding shap-
ing their children’s interests. 
In general, all these 10 groups of CPS encompass the large, domain specific de-
velopments of robotic systems that are implemented in practice to this moment or 
are currently being designed. But in terms of the internal ontological specificity of 
the CPS, or the robots under consideration, the following taxonomy/categorization 
of robots is proposed along the dimension of the level of involvement of the human 
in defining, controlling or predicting the behavior of the robot from the lowest hu-
man involvement to the highest: Autonomous CPS, Semi-autonomous CPS and 
Assistive CPS. The latter are technological platforms (networked software and 
hardware, e.g. Aldebaran’s NAO [13]) for design of scenarios of robot behavior. 
The main applications of the assistive CPS are: education, pedagogical rehabilita-
tion, mental health, playing games, socializing (as well as in other domains).  
One possible application of assistive CPS is presented further in the present pa-
per. The domains of game design for education and the control system design are 
merged into the domain of novel educational technology design (Fig. 1).  
 
  
Fig. 1. Multi-domain approach towards the process of game design in special education 
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The approach is implemented within the recent EEA Grant project of Bulgaria 
and Norway "METEMSS: Methodologies and technologies for enhancing the motor 
and social skills of children with developmental problems" (2015-2016) [14].  
 
 
2 A Formal Model of the Design Process of Assistive 
CPS in Special Education 
 
The proposed evolving design of games for children with special needs describes 
the transition from one experiment in real-life conditions to another, not just from 
pilot to real-life testing, which is the main specificity of the current approach. The 
pilot testing in the laboratory is denoted as Experiment 0 in Fig. 2. 
 
  
Fig. 2. A systems approach to the representation of the process of game testing in the evolving 
design framework 
 
Consider the process of training motor and social skills of children using evolv-
ing game design. Children play games consecutively, either individually, or in 
groups (figure 2). The assessment of the game is made based on the set of averaged 
scores given by the teachers at the end of each game and at the end of each experi-
ment along several game dimensions. After each experiment and in case of unsatis-
factory result, improvements are being made in the games. These improvements in 
the games after each experiment are considered the manipulated process variables 
in terms of the control vector ࢁ࢑.  
 
ࢁ࢑ ൌ ቂݑଵݑଶቃ ∈ ज
૛, 	݇ ൌ 1,2, … , 	ܰ       (1) 
 
199
is a 2-dimensional vector representing 2 types of possible improvements of the 
games after the k-th experiment, 	݇ ൌ 1,2, … , 	ܰ: 
- adding a new function/functionality to the game -	ݑଵ; - adding new elements to the construction of the game - ݑଶ.  The process terminates when the game has no further capacity for improvement. 
Let’s denote the state after the i-th game from k-th experiment by ࢞ሺࡳࢇ࢓ࢋ࢏࢑ሻ. After completion of the k-th experiment, if the result is not satisfactory from a de-
signer point of view, we make improvements in the games. The improvements can 
be of both types - ݑଵ, ݑଶ - from the described above, or only one, in the opinion of the experts. These improvements are assumed the control actions on the process of 
enhancing the trained skills of children, playing the games, within the proposed 
model. Therefore, the initial value of the k+1-st experiment is determined by a non-
homogeneous linear system described by 
 
࢞ሺࡳࢇ࢓ࢋ૚࢑ା૚ሻ ൌ ࢞ሺࡳࢇ࢓ࢋࡼ࢑ሻ ൅ ࡮ࢁ࢑, ݇ ൌ 1,2, … ,ܰ,   (2)  
where ࢁ࢑	is the control variable from the k-th to k+1-st experiment.  
Matrix ࡮ ∈ ज࢓ൈ૛ consists of coefficients, reflecting the individual m number of 
skills of the participating children, as described by their teachers in the children’s 
profiles. The detailed description of the model is presented in [15]. 
3 Types of Games Included in the Evolving Game 
Design Framework 
 
The developed games within the METEMSS framework are intended for use in 
motor, cognitive and social skills training. Games of type I use Kinect sensor for 
3D interaction within a virtual environment via gestures (Fig. 3). 
 
Fig. 3. A child, playing game called “Flipper”, hitting virtual balls to reach a target on the screen 
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Type II are games with humanoid robot NAO. The interaction with a humanoid 
robot is always very emotional (Fig. 4, right).  
 
 
Fig. 4. A child playing basketball with NAO humanoid robot. 
Type III are games with nonhumanoid robots – "Minion" doll with robotic arm 
(figure 5) and a walking robot called BigFoot (figure 6). The CPS implementing 
non-humanoid robots were designed at ISER-BAS especially for the project 
METEMSS with the assistance of the Departments of Medico-social sciences and 
Logopedics of the South West University, Bulgaria.  
 
  
Fig. 5. A Minion doll with anthropomorphic robotic hand 
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A Minion doll was equipped with an anthropomorphic robotic hand designed 
with 3D printing technology and controlled by a Kinect sensor (Fig. 5, right). The 
doll imitates the gestures of the child. As a reward, a song is played when the child 
is attentive to the game. The observed effect was of assisting the development of 
the social skills via the robotic technology – both humanoid and non-humanoid by 
creating an entertaining and amusing environment in the special school [16]. 
 
 
Fig.6 . Remotely controlled non-humanoid robot BigFoot in an imaginary environment 
The walking robot BigFoot was placed in a social context – in a scene with build-
ings, trees, animals - and the task of the children was to remotely control its move-
ments left-right, up-down, to reach a certain goal. It trains learning of colors, shapes 
and directions (figure 7). 
 
Fig. 7. A child remotely controlling the movement of the walking robot BigFoot 
We have called the approach Evolving design of games for children with special 
learning needs. It consists of the following steps: 
- Conducting Experiment 0 in the laboratory (piloting); 
- Conducting Experiment 1 in real life settings; 
202
- Analysis and recommendations for evolution of the game design; 
- Game modifications; 
- Conducting Experiment 2 in real life settings; 
- Evaluation of the change in quantitative terms. 
 
Examples of the proposed game modifications between 2 successive experiments 
as elements of vector Uk are the following. Changing the interface of a game is an 
example of 	ݑଵ	. The laptop from Fig. 6 was replaced with a joystick, so that the 
robot and its control are within the eye view of the child. Example of 	ݑଶ	is adding 
a constructive element in the game (adding a holding platform to the Walking robot) 
as presented in Fig. 8, following the child’s request. 
 
 
Fig. 8. Adding a holding platform to the Walking robot from Experiment 1 to Experiment 2 
Adding a holding platform to the Walking robot on child’s request makes the game 
design participative. 
 
4 Issues of Evaluation and Adaptation: Main 
Hypotheses  
 
The main hypotheses for the quantitative comparison of the games were the follow-
ing: 
H1. Games with bigger change in their design from experiment 1 to experiment 
2 will be given scores by the teachers in the expected direction for positive change. 
H2. Games with overall positive scores for improved design will score positively 
for both motivation and interest of the children. 
In total 73 filled in questionnaires were collected from the teachers in both ex-
periments. These consisted in 9 Likert scales along dimensions like “role for cogni-
tive/social/motor development”, “interest of the child”, “motivating role of the 
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game”, etc. [15]. Four of the games produced subsequent testing according of the 
model and were used to validate the hypotheses - „Flipper“, „Forms and Shapes“, 
„Walking Robot BigFoot“ and „Minion Doll with Robotic Hand“. These 4 games 
were used to test hypotheses 1 and 2. 
The results regarding H1 were the following: The 2-factor ANOVA did not re-
veal main effect of the factor “Game”, nor of the factor “Experiment”,  however 
revealed significant interaction between the factors, F(3, 56) = 3.70, p = 0.017, 
which was expected, meaning that scores of games behaved differently in different 
conditions. The overall scores of the teachers of the games Walking Robot and Min-
ion Doll were higher after experiment 2 in comparison with experiment 1, unlike 
the other 2 games, therefore supporting H1.  
The results regarding H2 were the following: Two-way ANOVA did not reveal 
main effect of game on the scores and no interaction, but revealed main effect of 
Experiment for the games Walking Robot BigFoot and Minion Doll with Robotic 
Hand, in teacher’s assessment of children’s interest and motivation, F(1, 28) = 4.77, 
p = 0.038. Both evaluations of children’s motivation and interest in the modified 
games after experiment 2 were significantly higher for these 2 games than after 
experiment 1, therefore supporting hypothesis 2.  
 
5 Conclusion 
 
The proposed system model for evaluation of the process of design of games is an 
effective instrument of the evolving design of games for children with special needs. 
The evolving design describing the transition from one experiment in real-life con-
ditions to another, not just from pilot to real-life testing, is the main specificity of 
the current approach. It can be applied to predict the direction of game evolution in 
quantitative terms. The attitudes of the children towards the modified games are 
well reflected in the teachers’ scores along several dimensions. The multi-domain 
approach is applicable in other educational scenarios and fulfills the role of bringing 
technology closer to children and assisting the teachers in their profession. 
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How to exploit an experience gained in PCS 
related projects for master students training 
program in ERASMUS+ project?
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ƌƌŽǁŚĞĂĚ͗WƌŽĐĞƐƐĂŶĚĞŶĞƌŐǇƐǇƐƚĞŵĂƵƚŽŵĂƚŝŽŶ
 ϰǇĞĂƌƐƉƌŽũĞĐƚ
 ϲϴDΦ
 ϳϵƉĂƌƚŶĞƌƐ
 ŽŽƌĚŝŶĂƚĞĚďǇZdD/^ĞŶƚƌĞƐŽĨ/ŶŶŽǀĂƚŝŽŶǆĐĞůůĞŶĐĞ ;Ž/ƐͿ
 ZŝŐĂdĞĐŚŶŝĐĂůhŶŝǀĞƌƐŝƚǇƚŽŐĞƚŚĞƌǁŝƚŚ^ŵĂƌƚDĞƚĞƌůƚĚ;^DͿ

ǁǁǁ͘ĂƌƌŽǁŚĞĂĚ͘ĞƵ

ISA-95 systems in to the cloud?
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What's in the works Arrowhead
ƵƚŽŵĂƚŝŽŶĐůŽƵĚŝŶƚĞŐƌĂƚŝŽŶƚĞĐŚŶŽůŽŐǇͲ ^KďĂƐĞĚ
/ŶƚĞƌŽƉĞƌĂďŝůŝƚǇĂƚƐĞƌǀŝĐĞůĞǀĞůĂĐƌŽƐƐƐƵƉƉůŝĞƌƐĂŶĚƚĞĐŚŶŽůŽŐŝĞƐ
dĞĐŚŶŽůŽŐǇƚƌĂŶƐůĂƚŝŽŶ
/ŶƚĞŐƌĂƚŝŽŶƚŽůĞŐĂĐǇƚĞĐŚŶŽůŽŐǇ
ĞǀĞůŽƉŵĞŶƚƐƵƉƉŽƌƚ͕ĚŽĐƵŵĞŶƚĂƚŝŽŶ͕ƚƌĂŝŶŝŶŐ
ĞǀĞůŽƉŵĞŶƚƚŽŽůƐ
dĞƐƚƚŽŽůƐ
KƉĞŶƐŽƵƌĐĞǁŽƌŬŝŶŐĞǆĂŵƉůĞƐ
ŽŵŵĞƌĐŝĂůĂĐƚŽƌƐŽĨĨĞƌŝŶŐƉƌŽĚƵĐƚƐ
Engineering tools for cloud automation systems
development support, documentation
6R6'6\VWHPRI6\VWHPV'HVFULSWLRQ
6R6''6\VWHPRI6\VWHPV'HVLJQ'HVFULSWLRQ
6\V'6\VWHP'HVFULSWLRQ
6\V''6\VWHP'HVLJQ'HVFULSWLRQ
6' 6HUYLFH'HVFULSWLRQ
,'' ,QWHUIDFH'HVLJQ'HVFULSWLRQ
&3 &RPPXQLFDWLRQ3URILOH
63 6HPDQWLF3URILOH
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Arrowhead Framework - support for: System
of systems in a local cloud
 ^ǇƐƚĞŵŽĨƐǇƐƚĞŵƐ^Ž^͕ĂƉƉƌŽĂĐŚ
 /ŶĨŽƌŵĂƚŝŽŶƉƌŽǀŝĚĞĚĂƐĂĐŽŶĨŝŐƵƌĂďůĞ
ƐĞƌǀŝĐĞƐ
 KƌĐŚĞƐƚƌĂƚŝŽŶŽĨƐĞƌǀŝĐĞƐƉŽƐƐŝďůĞĂŶĚ
ĨĞĂƐŝďůĞǁŝƚŚĐŽŵƉůĞǆĞǀĞŶƚƉƌŽĐĞƐƐŝŶŐ
 DĂŶĚĂƚŽƌǇĐŽƌĞƐǇƐƚĞŵƐ͗
 /ŶĨŽƌŵĂƚŝŽŶŝŶĨƌĂƐƚƌƵĐƚƵƌĞ
 ^ǇƐƚĞŵŵĂŶĂŐĞŵĞŶƚ
 /ŶĨŽƌŵĂƚŝŽŶĂƐƐƵƌĂŶĐĞ

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SOA implementation according to 
Arrowhead approach
6HUYLFH
UHJLVWU\
2UFKHVWUDWLRQ
V\VWHP
6HUYLFH
&RQVXPHU
6\VWHP%
$XWKRULVDWLRQ
V\VWHP
6HUYLFH
SURGXFHU
6\VWHP$
'DWDH[FKDQJH
2UFKHVWUDWLRQ
$XWKHQWLFDWLRQ
$XWKRULVDWLRQ
6HUYLFHUHJLVWUDWLRQ 6HUYLFHGLVFRYHU\
dŚĞƉƵƌƉŽƐĞŝƐƚŽĞŶĂďůĞƚŚĞĚŝĨĨĞƌĞŶƚ
ĂƉƉůŝĐĂƚŝŽŶƐǇƐƚĞŵƐŝŶĂŶĞĂƐǇĂŶĚĨůĞǆŝďůĞ
ǁĂǇďĞŝŶŐĂďůĞƚŽĐŽůůĂďŽƌĂƚĞƐƵĐĐĞƐƐĨƵůůǇĚƵĞ
ƚŽƐƵƉƉŽƌƚƉƌŽǀŝĚĞĚďǇƚŚĞĐŽŵŵŽŶĐŽƌĞ
ƐĞƌǀŝĐĞƐ͘
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The problem issues of utilities networks 
maintenance
 ĂĐŚƵƚŝůŝƚǇŵĂŝŶƚĂŝŶƐŝƚƐŽǁŶŶĞƚǁŽƌŬŽĨŵĞƚĞƌƐĂŶĚƐĞŶƐŽƌƐ͕ŽǁŶ
ƐǇƐƚĞŵĨŽƌĚĂƚĂĐŽůůĞĐƚŝŽŶĂŶĚƐƚŽƌĂŐĞ͕ƐĞƉĂƌĂƚĞĐƵƐƚŽŵĞƌƐĞƌǀŝĐĞ͕
ŝŶǀĞŶƚŽƌǇ͕ ďŽŽŬŬĞĞƉŝŶŐ͕ďŝůůŝŶŐĂŶĚĞƚĐ͘
 dŚĞŵĂũŽƌŝƚǇŽĨƚŚĞƐǇƐƚĞŵƐĂƌĞŽďƐŽůĞƚĞĂŶĚŝŶĐŽŵƉĂƚŝďůĞ͘
 ĞǀĞůŽƉŵĞŶƚŽĨƐĞŶƐŽƌŶĞƚǁŽƌŬĨŽƌŵŽŶŝƚŽƌŝŶŐĂŶĚĐŽŶƚƌŽůĂŶĚŝƚƐ
ŵĂŝŶƚĞŶĂŶĐĞŝƐĂĐŚĂůůĞŶŐŝŶŐƉƌŽĐĞƐƐĚƵĞƚŽƉůĞŶƚǇŽĨŚƵŵĂŶǁŽƌŬ͘
The tasks
 dŽƉƌŽǀŝĚĞĂŶĞǀŝĚĞŶĐĞŽĨĂƉƌĂĐƚŝĐĂůŝŵƉůĞŵĞŶƚĂƚŝŽŶŽĨƉƵďůŝĐƵƚŝůŝƚǇ Ɛ͛
ŶĞƚǁŽƌŬĂƵƚŽŵĂƚĞĚŵŽŶŝƚŽƌŝŶŐƐǇƐƚĞŵ͕ǁŚŝĐŚĐŽŵƉůŝĞƐǁŝƚŚ
ƌƌŽǁŚĞĂĚĨƌĂŵĞǁŽƌŬĂƉƉƌŽĂĐŚ͗
 ĞǀĞůŽƉŵĞŶƚŽĨ^KďĂƐĞĚĂƉƉůŝĐĂƚŝŽŶƐĞƌǀŝĐĞƐĂƐǁĞďƐĞƌǀŝĐĞƐĂƉƉůǇŝŶŐ
ŵŽƐƚƐƵŝƚĂďůĞ/ƐƚĂŶĚĂƌĚƐ͘
 ŵŽĚƵůĂƌƚĞĐŚŶŝĐĂůƐŽůƵƚŝŽŶĨŽƌƐĞŶƐŽƌƐ͕ĂŶĚŐĂƚĞǁĂǇŶŽĚĞƐ͘
 ĞǀĞůŽƉĂĐŽŶĐĞƉƚŽĨĐŽŵŵŽŶĐŽƌĞƐĞƌǀŝĐĞƐĨŽƌƚŚĞĐůŽƵĚŽĨƉƵďůŝĐƵƚŝůŝƚŝĞƐ
ƐǇƐƚĞŵƐ͘
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Arrowhead view of utilities automation cloud
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Interoperability
dŚĞƉƌŽũĞĐƚƚĞĂŵŝŶǀĞƐƚŝŐĂƚĞĚƉƌŽƚŽĐŽůƐƚŽŵĂŬĞŵĂĐŚŝŶĞ
ĂƐƐŝƐƚĞĚƚƌĂŶƐůĂƚŝŽŶůŝŬĞ͗
 &R$3 !;033!0477!23&8$!5(67DQGVRRQ
 6HUYLFHLQWHJULW\RYHUSURWRFROVGDWDVWUXFWXUHVVHPDQWLFVHWF
 &XUUHQWVWDWXV5(67 &R$3  0477 -$621
+DVDQ'HUKDP\3DO9DUJD-HQV(OLDVVRQ-HUNHU'HOVLQJDQG3DEOR3XQDO 3HUHLUD
7UDQVODWLRQ(UURU+DQGOLQJIRU0XOWL3URWRFRO62$6\VWHPV(7)$/X[HPERXUJ
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Local automation 
cloud implementation
System architecture
 ^Ž^ ĞŶĂďůĞƐĐŽƌĞƐĞƌǀŝĐĞƐ͗ƐĞƌǀŝĐĞƌĞŐŝƐƚƌǇ͕ ŽƌĐŚĞƐƚƌĂƚŝŽŶĂŶĚĂƵƚŚŽƌŝǌĂƚŝŽŶ
 EŽĚĞͲZĞĚ ŵĂŝŶĨƵŶĐƚŝŽŶĂůŝƚǇŝƐ
 ƚŽĚĞĐŽĚĞĂŶĚƚŽƌŽƵƚĞDYddƐŵĂƌƚŵĞƚĞƌŝŶŐĚĂƚĂƚŽĨƵƌƚŚĞƌƐĞƌǀŝĐĞŽƌĐŚĞƐƚƌĂƚŝŽŶ
 ŽƌƵƐĞŝŶĞǆƚĞƌŶĂůƐĞƌǀŝĐĞƐĂƐĐƵƐƚŽŵĞƌďŝůůŝŶŐŽƌŵŽŶŝƚŽƌŝŶŐƐǇƐƚĞŵƐ͘
 EŽĚĞͲZĞĚ ŝƐĂŶŽƉĞŶƐŽƵƌĐĞǀŝƐƵĂůĞĚŝƚŽƌĨŽƌǁŝƌŝŶŐƚŚĞŝŶƚĞƌŶĞƚŽĨƚŚŝŶŐƐ
 ŵŽŶD^ ŝƐĂŶŽƉĞŶͲƐŽƵƌĐĞǁĞďĂƉƉůŝĐĂƚŝŽŶĨŽƌƉƌŽĐĞƐƐŝŶŐ͕ůŽŐŐŝŶŐĂŶĚ
ǀŝƐƵĂůŝƐŝŶŐĞŶĞƌŐǇ͕ ƚĞŵƉĞƌĂƚƵƌĞĂŶĚŽƚŚĞƌĞŶǀŝƌŽŶŵĞŶƚĂůĚĂƚĂĂŶĚŝƐƉĂƌƚ
ŽĨƚŚĞKƉĞŶŶĞƌŐǇDŽŶŝƚŽƌƉƌŽũĞĐƚ͘
 DƵůƚŝƉůĞŽƉĞƌĂƚŝŽŶƐĂƌĞŝŵƉůĞŵĞŶƚĞĚƚŽĚĞĐŽĚĞƚŚĞƉĂǇůŽĂĚĂŶĚĨŽƌǁĂƌĚŝƚ
ƚŽĂĚĂƚĂƐƚŽƌĂŐĞĂŶĚǀŝƐƵĂůŝǌĂƚŝŽŶƐĞƌǀŝĐĞƵƐŝŶŐƚŚĞ/Žd ĂƉƉƌŽĂĐŚ
212
Services for third party control application 
 ĂƐŚďŽĂƌĚ ŚĂƐďĞĞŶĐƌĞĂƚĞĚƚŽǀŝƐƵĂůŝǌĞĚŝĨĨĞƌĞŶƚƐĞŶƐŽƌĨĞĞĚƐ͘
 ƚŚŝƌĚƉĂƌƚǇĐŽŶƚƌŽůĂƉƉůŝĐĂƚŝŽŶŚĂƐďĞĞŶƐĞůĞĐƚĞĚĚŽĚĞŵŽŶƐƚƌĂƚĞƐ/Žd ƐǇƐƚĞŵ
ŝŶƚĞƌĐŽŵŵƵŶŝĐĂƚŝŽŶƵƐŝŶŐŽƚŚĞƌŝŶĚĞƉĞŶĚĞŶƚƐĞƌǀŝĐĞƉƌŽǀŝĚĞƌƐ͘
 &ŽƌƚŚĞƉƵƌƉŽƐĞŽĨĚĞŵŽŶƐƚƌĂƚŝŽŶĂƉŽǁĞƌƌĞůĂǇ^ŽŶŽĨĨ ĨƌŽŵ/dǁĂƐƵƐĞĚ
 &ŽƌƚŚĞĚĞŵŽĂƉƉůŝĐĂƚŝŽŶƚǁŽƐǇƐƚĞŵƐĂƌĞĐŽŶƚƌŽůůĞĚĂǀĞŶƚŝůĂƚŽƌ ǁŝƚŚ
ƌĞŐĞŶĞƌĂƚŝŽŶƐǇƐƚĞŵĂŶĚĂĚĞŚƵŵŝĚŝĨŝĞƌ
 ^ŽŶŽĨĨ tŝͲ&ŝĞŶĂďůĞĚƌĞůĂǇŝƐĂďůĞƚŽĐŽŵŵƵŶŝĐĂƚĞƵƐŝŶŐDYddŽƌŽW ƉƌŽƚŽĐŽůƐ
ǁŝƚŚĂƌĞŽĨŝŶƚĞƌĞƐƚŝŶƚŚĞƐĐŽƉĞŽĨƚŚĞĚĞŵŽĂƉƉůŝĐĂƚŝŽŶ͘
 ŵŽŶD^ ŝƐƵƐĞĚĂƐƚŚĞKƌĐŚĞƐƚƌĂƚŝŽŶƐĞƌǀŝĐĞďǇ͗
 ƉƌŽĐĞƐƐŝŶŐŝŶĐŽŵŝŶŐĚĂƚĂĨĞĞĚƐĂŶĚƚƌŝŐŐĞƌŝŶŐƌĞƐƉŽŶƐĞĞǀĞŶƚƐ
 ŽƌƉƌŽǀŝĚŝŶŐƌĞƐƉŽŶƐĞƐƚƌĞĂŵƐĨŽƌĐŽŶƚƌŽůůŝŶŐĞǆƚĞƌŶĂůĂƉƉůŝĐĂƚŝŽŶƐ
 ŽƌƉƌŽǀŝĚŝŶŐŶĞǁĚĂƚĂĂƐƐƚĂƚƵƐ
 ŽƌĐŽŵďŝŶŝŶŐŵĞĂƐƵƌĞŵĞŶƚƌĞƐƵůƚƐ͘
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An example of service humidity control 
An example of service humidity control 
ϭ͘ dŚĞĂƉƉůŝĐĂƚŝŽŶůŽŐŝĐƌĞĐĞŝǀĞƐƉĞƌŝŽĚŝĐDYddŵĞƐƐĂŐĞƐƚŚĂƚĂĨƚĞƌĚĞĐŽĚŝŶŐĂƌĞŝŶũĞĐƚĞĚŝŶƚŽŵŽŶD^ ŝŶƉƵƚƐ
Ϯ͘ hƉŽŶƐƚĂƚĞĐŚĂŶŐĞ^ŽŶŽĨĨ ĚĞǀŝĐĞƐƉƵďůŝƐŚĂƐƚĂƚƵƐƚŽƉŝĐĂŶĚŵĞƐƐĂŐĞ͘dŚŝƐĚĂƚĂŝƐƉƌŽĐĞƐƐĞĚďǇƚŚĞďƌŽŬĞƌƐǇƐƚĞŵ
ĂŶĚĞƋƵŝƉŵĞŶƚƐƚĂƚƵƐĚĂƚĂŝƐĨĞĚďĂĐŬŝŶƚŽŵŽŶD^ ĨŽƌďŝĚŝƌĞĐƚŝŽŶĂůŵŽŶŝƚŽƌŝŶŐ͘
ϯ͘ dŚĞƐƚĂƚƵƐŽĨƚŚĞƌĞůĂǇƐ ĂŶĚƚŚĞĐŽŶƚƌŽůůĞĚĞƋƵŝƉŵĞŶƚŝƐǀŝƐƵĂůŝǌĞĚŝŶŵŽŶD^ ĚĂƐŚďŽĂƌĚ;ƚŚĞŐƌĞĞŶŝŶĚŝĐĂƚŽƌŝĚ
KŶ͕ƌĞĚŝƐKĨĨͿ͘
ϰ͘ ^ŽŶŽĨĨ ƌĞůĂǇŚĂŶĚůĞƐƚŚĞƐƚĂƚƵƐƉƵďůŝƐŚĞĚƚŽƉŝĐĚĞǀŝĐĞƐ͘
ϱ͘ ^ƚĂƚƵƐĐŽŶǀĞƌƚŶŽĚĞʹ ĞǆƚƌĂĐƚƐƚŚĞDĂĚĚƌĞƐƐĂŶĚďƵŝůĚƐĂŶĞǁDYddŵĞƐƐĂŐĞ͘
ϲ͘ ŚĂŶŐĞĚĞƚĞĐƚŶŽĚĞʹ ďůŽĐŬƐƌĞƉĞĂƚDYddŵĞƐƐĂŐĞƐĂŶĂůůŽǁƚŚĞĨůŽǁŽŶůǇŝĨƚŚĞůĂƐƚŵĞƐƐĂŐĞƚŽƉŝĐĂŶĚƉĂǇůŽĂĚ
ĚŝĨĨĞƌĨƌŽŵƚŚĞƉƌĞǀŝŽƵƐ͘
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Conclusions and next steps 
 ŽŶĐůƵƐŝŽŶ
 tĞĂŶĂůǇƐĞĚƉƌŽƚŽĐŽůƐƵƐĞĚĨŽƌŝŶĚƵƐƚƌŝĂůĂƵƚŽŵĂƚŝŽŶƚŚĂƚĐĂŶďĞĂƉƉůŝĞĚĨŽƌ
ƵƚŝůŝƚŝĞƐŶĞƚǁŽƌŬĐŽŶƚƌŽů͘
 tĞĂƉƉůŝĞĚĂŶƌƌŽǁŚĞĂĚĂƉƉƌŽĂĐŚĨŽƌĐƌĞĂƚŝŶŐĂŵŽĚĞůǀŝĞǁŽĨƵƚŝůŝƚŝĞƐ
ŶĞƚǁŽƌŬƐĐŽŶƚƌŽů^ǇƐƚĞŵŽĨ^ǇƐƚĞŵƐ
 tĞƉŝůŽƚĞĚĂĐŽŶĐĞƉƚŽĨƐŚĂƌŝŶŐŽĨĂƉƉůŝĐĂƚŝŽŶƐĞƌǀŝĐĞƐĂŵŽŶŐƉƵďůŝĐƵƚŝůŝƚŝĞƐ͘
 tĞĂƉƉůŝĞĚDYddďƌŽŬĞƌĂƐƉƌŽƚŽĐŽůĂĚĂƉƚŽƌǁŚĞŶDYddŵĞƐƐĂŐĞƐĂƌĞďĞŝŶŐ
ƉƌĞͲƉƌŽĐĞƐƐĞĚƵƐŝŶŐEŽĚĞͲZĂƚŽŽůĨŽƌĐŽŵƉĂƚŝďŝůŝƚǇ͘
 ŽŶƐƚƌĂŝŶƐ
 dŚĞĐŚĂůůĞŶŐĞƐƚŝůůŝƐƐĞƌǀŝĐĞƐƉƌŽǀŝƐŝŽŶƚŽŵƵŶŝĐŝƉĂůŝƚǇ Ɛ͛ůĞŐĂĐǇƐǇƐƚĞŵƐ
 &ƵƌƚŚĞƌƉůĂŶƐ
 dŚĞƌĞƐĞĂƌĐŚƚĞĂŵǁŝůůůŽŽŬĨŽƌƚŚĞŵŽƐƚĞĨĨŝĐŝĞŶƚǁĂǇŽĨĚŝĨĨĞƌĞŶƚƉƌŽƚŽĐŽůƐ
ƚƌĂŶƐůĂƚŝŽŶĂĐƌŽƐƐƚŚĞƐǇƐƚĞŵƐ ƚĂŬŝŶŐŝŶƚŽĂĐĐŽƵŶƚƚŚĂƚĂŵĂũŽƌŝƚǇŽĨƵƚŝůŝƚǇ
ƐǇƐƚĞŵƐĂƉƉůǇŵĞƚĞƌŝŶŐĚĞǀŝĐĞƐǁŝƚŚĂƉƉƌŽƉƌŝĂƚĞƉƌŽƚŽĐŽůƐĂŶĚŝŶƚĞƌĨĂĐĞƐ͘
Analysis of the survey
of master graduates employers
(within the framework of the project "Physics" 
Erasmus + EU)
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Short description ERASMUS+ Physics
 WƌŽũĞĐƚŝŵƉůĞŵĞŶƚĂƚŝŽŶ͗ϭϱƚŚKĐƚŽďĞƌϮϬϭϱʹ ϭϰƚŚKĐƚŽďĞƌϮϬϭϴ
 WĂƌƚŝĐŝƉĂŶƚƐϭϬƉĂƌƚŶĞƌƐĨƌŽŵϰĐŽƵŶƚƌŝĞƐ
 ZdhŝƐĂ>ĞĂĚŝŶŐƉĂƌƚŶĞƌ
 dŚĞƉƌŽũĞĐƚƚŽƚĂůďƵĚŐĞƚ͗h'ƌĂŶƚϲϲϬϱϳϲĞƵƌŽ͕ĐŽͲĨŝŶĂŶĐŝŶŐϲϳϮϳϬĞƵƌŽ͘
 dŚĞƚĂƌŐĞƚŝƐƚŽƵƉŐƌĂĚĞŵĂƐƚĞƌͲůĞǀĞůĞĚƵĐĂƚŝŽŶŝŶƚŚĞĨŝĞůĚŽĨĂƉƉůŝĞĚ
ƉŚǇƐŝĐƐŝŶĨŽƵƌƵŶŝǀĞƌƐŝƚŝĞƐŽĨĞůĂƌƵƐĂĐĐŽƌĚŝŶŐƚŽŽůŽŐŶĂƉƌĂĐƚŝĐĞƐ͕ƚŽ
ĞŶŚĂŶĐĞƚŚĞƋƵĂůŝƚǇĂŶĚƌĞůĞǀĂŶĐĞŽĨĞĚƵĐĂƚŝŽŶŝŶƌĞƐƉĞĐƚƚŽƚŚĞůĂďŽƵƌ
ŵĂƌŬĞƚŶĞĞĚƐ
Project idea
ϮϮ
DĂƐƚĞƌůĞǀĞů
ĞĚƵĐĂƚŝŽŶƉƌŽŐƌĂŵƐ
ĂŶĚĐŽƵƌƐĞƐ;Ϯ
ǇĞĂƌƐͿ
ϰƵŶŝǀĞƌƐŝƚŝĞƐ
ŽĨĞůĂƌƵƐ
DŝŶŝƐƚƌǇŽĨ
ĚƵĐĂƚŝŽŶŽĨ
ĞůĂƌƵƐ
dŚĞĞǆƉĞƌŝĞŶĐĞ
ŽĨϯh
ƵŶŝǀĞƌƐŝƚŝĞƐ
WƌŽĨĞƐƐŝŽŶĂů
ĂƐƐŽĐŝĂƚŝŽŶƐ
 WŚǇƐŝĐĂů^ŽĐŝĞƚǇ
 EĂŶŽƐƐŽĐŝĂƚŝŽŶ
/dŵĞƚŚŽĚƐ
 ůĞĐƚƌŽŶŝĐ>ŝďƌĂƌǇ
 KŶͲůŝŶĞůĂďŽƌĂƚŽƌǇ͕
ǀŝƌƚƵĂůĞŶǀŝƌŽŶŵĞŶƚĨŽƌ
ĚŝƐƚĂŶĐĞůĞĂƌŶŝŶŐĂŶĚ
ǀŝƌƚƵĂůŵŽďŝůŝƚǇ
^ĐŝĞŶƚŝĨŝĐŝŶƐƚŝƚƵƚŝŽŶƐ
 >Kd/^d//
 ZĞƐĞĂƌĐŚ/ŶƐƚŝƚƵƚĞĨŽƌ
EƵĐůĞĂƌWƌŽďůĞŵƐ
EĞǁĞĚƵĐĂƚŝŽŶ
ƉƌŽŐƌĂŵƐƚǁŽǇĞĂƌƐ
ƚĞƐƚŝŶŐ
ĐĐƌĞĚŝƚĂƚŝŽŶ
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/ŶƐƉŝƌĂƚŝŽŶ͗
What is the survey about?
ϱ
ϭ
ϰ
Ϯ
ǆƉĞĐƚĞĚƌĞƐƵůƚƐ͗
ͻ WŽŽůŝŶŐ ŝĚĞĂƐ ŚŽǁ ƚŽ ĨŽƌŵ ƚŚĞ ϮͲǇĞĂƌ ŝŶĚƵƐƚƌǇͲŽƌŝĞŶƚĞĚ ŵĂƐƚĞƌͲůĞǀĞů ĞĚƵĐĂƚŝŽŶ
ͻ &ŝŐƵƌŝŶŐ ŽƵƚ ǁŚĂƚ ƉŽƚĞŶƚŝĂů ĞŵƉůŽǇĞƌƐ ƚŚŝŶŬ ĂďŽƵƚ ƋƵĂůŝĨŝĐĂƚŝŽŶ ƌĞƋƵŝƌĞŵĞŶƚƐ ĨŽƌ
ŐƌĂĚƵĂƚĞƐ ŽĨ ƉƌĂĐƚŝĐĞͲŽƌŝĞŶƚĞĚ ŵĂƐƚĞƌƐŚŝƉƐ
ͻ /ĚĞŶƚŝĨǇŝŶŐ ƚƌĂŝŶŝŶŐ ƌĞƋƵŝƌĞŵĞŶƚƐ ƚŽ ŐƌĂĚƵĂƚĞƐ ŽĨ ŵĂƐƚĞƌƐŚŝƉƐ ĨŽƌ ƚŚĞ Ηϰ н ϮΗ ƐǇƐƚĞŵ
ͻ ĞĨŝŶŝŶŐ ŽĨ ƚŚĞ ŶĞĞĚ ĂŶĚ ƌĞƋƵŝƌĞŵĞŶƚƐ ĨŽƌ ƚŚĞ ŽƌŐĂŶŝǌĂƚŝŽŶ ŽĨ ŵĂƐƚĞƌ ƐƚƵĚĞŶƚƐ
ŝŶƚĞƌŶƐŚŝƉƐ
>ŝƐƚŽĨƉĂƌƚŝĐŝƉĂŶƚƐ͗
Who was interviewed?
ͻ ĞůĂƌƵƐŝĂŶ ƵŶŝǀĞƌƐŝƚŝĞƐ
ͻ ^h ĚĞƉĂƌƚŵĞŶƚƐ ŽĨ ^ĞŵŝĐŽŶĚƵĐƚŽƌ ƉŚǇƐŝĐƐ͕ >ĂƐĞƌ ƉŚǇƐŝĐƐ͕ ŶĞƌŐǇ
ƉŚǇƐŝĐƐ
ͻ ZĞƐĞĂƌĐŚ /ŶƐƚŝƚƵƚĞ ĨŽƌ EƵĐůĞĂƌ WƌŽďůĞŵƐ ŽĨ ^h
ͻ ĞůĂƌƵƐŝĂŶ WŚǇƐŝĐĂů ^ŽĐŝĞƚǇ
ͻ ZĞƉƵďůŝĐ ƐƐŽĐŝĂƚŝŽŶ ŽĨ EĂŶŽ /ŶĚƵƐƚƌǇ
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ZĂƚŝŽďĞƚǁĞĞŶƚŝŵĞĨŽƌůĞĐƚƵƌĞƐͬůĂďƐĂŶĚƉƌĂĐƚŝĐĞƐ͗
dŚĞĐƵƌƌŝĐƵůƵŵĚŝƐĐƵƐƐŝŽŶ
   





Only lecturesOnly labs & pract

 

Ž
ƵŶ
ƚŽ
Ĩƌ
ĞƐ
ƉŽ
ŶĚ
ĞŶ
ƚƐ
ZĞůĂƚŝǀĞĂŵŽƵŶƚŽĨŚŽƵƌƐĨŽƌůĞĐƚƵƌĞƐͬƉƌĂĐƚŝĐĞƐ

1RZZH
UHKHUH
LQ\HDUPV
:KDWVKRXOGEHWKHUDWLRRIWKHRUHWLFDOSUDFWLFDOWUDLQLQJRIPDVWHUVWXGHQWVLQWKH
XQLYHUVLW\UHVHDUFKLQVWLWXWHRUFRPSDQ\"
DŽƐƚŵĞŶƚŝŽŶĞĚĐŽŵŵŽŶƉƌĞĨĞƌƌĞĚƚŽƉŝĐƐŽĨƐƵďũĞĐƚƐ
dŚĞĐƵƌƌŝĐƵůƵŵĚŝƐĐƵƐƐŝŽŶ
ϰϬ
ϳϱ
ϴϱ
  Ϭ
ϮϬ
ϰϬ
ϲϬ
ϴϬ
6SHFLDOLW\
GLVFLSOLQHV
3URJUDPPLQJ
WĞ
ƌĐ
ĞŶ
ƚƐ
ŽĨ
ƌĞ
ƐƉ
ŽŶ
ĚĞ
Ŷƚ
Ɛ
7KHRUHWLFDO
SK\VLFV
DĂũŽƌŝƚǇŽĨƌĞƐƉŽŶĚĞŶƚƐŶŽƚĞĚƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŵĂƐƚĞƌŝŶŐƚŚĞƉƌŝŶĐŝƉůĞƐŽĨŵŽĚĞƌŶŚŝŐŚͲ
ƚĞĐŚĞƋƵŝƉŵĞŶƚǁŽƌŬĂŶĚĞǆƉůŽŝƚĂƚŝŽŶ
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DŽƐƚŵĞŶƚŝŽŶĞĚƐƉĞĐŝĨŝĐƐƵďũĞĐƚƐ
dŚĞĐƵƌƌŝĐƵůƵŵĚŝƐĐƵƐƐŝŽŶ
ϲϬ ϲϬ
ϰϬ
ϱϬ
ϰϬ
    
Ϭ
ϮϬ
ϰϬ
ϲϬ
0HDVXUHPHQWV
DQGDXWRPDWLRQ
0DWV	WHFKRI
QDQRHOHFWURQLFV
(QHUJ\HII
PDWV	WHFK
%LRQDQRWHFK
WĞ
ƌĐ
ĞŶ
ƚƐ
ŽĨ
ƌĞ
ƐƉ
ŽŶ
ĚĞ
Ŷƚ
Ɛ
/RZGLPHQVLRQDO
V\VWHPVSK\VLFV
tŚĞƌĞŝƐϳϬйĨŽƌƉƌŽŐƌĂŵŵŝŶŐ͍
ͻ ƵƚŽŵĂƚŝŽŶĂŶĚŵŝĐƌŽƉƌŽĐĞƐƐŽƌƐ͍
ͻ ŽŵƉƵƚĞƌͲƌĞůĂƚĞĚŵĂƚŚĂŶĚƚŽŽůƐ
ĨŽƌƐĐŝĞŶƚŝĨŝĐĐŽŵƉƵƚĂƚŝŽŶ͍
,ŽǁŵƵĐŚƚŝŵĞĚŽĞƐŝƚƚĂŬĞƚŽŵĂŬĞƐƚƵĚĞŶƚĂďůĞƚŽǁŽƌŬ
͞ƐĞůĨͲƐƵĨĨŝĐŝĞŶƚůǇ͟ŝŶĐŽŵƉĂŶǇ͍
dƌĂŝŶŝŶŐĂŶĚǁŽƌŬŝŶĐŽŵƉĂŶǇ
ͻ &ŽƌϭϲͲϭϴǁĞĞŬƐ;ƚŚĞƉĞƌŝŽĚŽĨŝŶƚĞƌŶƐŚŝƉĂƚƚŚĞĨŝƌƐƚƐƚĂŐĞŽĨŚŝŐŚĞƌĞĚƵĐĂƚŝŽŶͿĂƚƚŚĞ
ƉůĂĐĞŽĨĨƵƚƵƌĞǁŽƌŬĞǆĐĞƉƚŽĨZE/ĂŶƐǁĞƌ͗͞hƉƚŽϭǇĞĂƌ͘͟
dŽǁŚŝĐŚƉĞƌĐĞŶƚŽĨŵĂƐƚĞƌͲůĞǀĞůŐƌĂĚƵĂƚĞƐĐŽŵƉĂŶǇĐĂŶŽĨĨĞƌ
ƚŽƐƚĂǇŽŶĂƉĞƌŵĂŶĞŶƚũŽďĂĨƚĞƌƉƌĂĐƚŝĐĞ͍
ͻ ZĞƐƉŽŶĚĞŶƚƐ ŝŶĚŝĐĂƚĞĚ ƚŚĂƚ ĂďŽƵƚ ϱϬͲϴϬйŽĨŵĂƐƚĞƌͲůĞǀĞů ƵŶĚĞƌŐƌĂĚƵĂƚĞƐ ĐĂŶƐƚĂǇ
ĂĨƚĞƌ ƉƌĂĐƚŝĐĞ ŽŶ ĂƉĞƌŵĂŶĞŶƚ ũŽď͘
tŚĂƚĚŽǇŽƵƚŚŝŶŬĐĂŶďĞŝŵƉƌŽǀĞĚŝŶƚŚĞĞĚƵĐĂƚŝŽŶĂůƉƌŽĐĞƐƐ
ƚŽƌĞĚƵĐĞƚŚŝƐƚŝŵĞ͍
ͻ /ƚŝƐƌĞĐŽŵŵĞŶĚĞĚƚŽĞŶŚĂŶĐĞƚŚĞĨƵŶĚĂŵĞŶƚĂůƚƌĂŝŶŝŶŐŽĨŵĂƐƚĞƌͲƐƚƵĚĞŶƚƐŝŶƉŚǇƐŝĐĂů
ĂŶĚŵĂƚŚĞŵĂƚŝĐĂůĚŝƐĐŝƉůŝŶĞƐĂŶĚŝŵƉƌŽǀĞƚŚĞŝƌŐĞŶĞƌĂůƐŬŝůůƐ͕ƌĞĚƵĐŝŶŐƚŚĞƚŝŵĞ
ĚĞĚŝĐĂƚĞĚƚŽŚƵŵĂŶŝƚĂƌŝĂŶ ĚŝƐĐŝƉůŝŶĞƐ͘
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/ƚŝƐƌĞĂƐŽŶĂďůĞ͗
ŽŶĐůƵƐŝŽŶƐ
ͻ dŚŝŶŬŚŽǁƚŽŬĞĞƉďĂůĂŶĐĞŽĨŝŶƚĞƌŶƐŚŝƉŝŶ͞ϰнϮ͟ĂŶĚ͞ϱнϭ͟ĂŶĚ
ƉƌĞƉĂƌĞƚŚĞůĂďŽƌŵĂƌŬĞƚ
 ƚůĞĂƐƚŶĞĞĚƚŽďĞƐƵƌĞƚŚĂƚĞŵƉůŽǇĞƌƐĂƌĞŝŶĨŽƌŵĞĚĂďŽƵƚĂĚĚŝƚŝŽŶĂůŝŶƚĞƌƐŚŝƉ ǁĞĞŬƐ
ŶĞĞĚĞĚƚŽŵĂŬĞǁŽƌŬĞƌƐĞůĨͲƐƵĨĨŝĐŝĞŶƚ
ͻ ŽŶƐŝĚĞƌƚŚĞƌĞĐŽŵŵĞŶĚĂƚŝŽŶƐĨŽƌD^ĐƵƌƌŝĐƵůĂ͗
 /ŶĐƌĞĂƐĞƚŚĞĂŵŽƵŶƚŽĨƐƉĞĐŝĂůĚŝƐĐŝƉůŝŶĞƐĂŶĚǀĂƌŝŽƵƐƚǇƉĞƐŽĨƉƌŽŐƌĂŵŵŝŶŐ
 /ŶƚƌŽĚƵĐĞĐŽƵƌƐĞƐĚĞĚŝĐĂƚĞĚƚŽŶĂŶŽ ĂŶĚďŝŽƚĞĐŚŶŽůŽŐǇ
 WƌŽƉŽƌƚŝŽŶŽĨƚŚĞŽƌĞƚŝĐĂůĂŶĚƉƌĂĐƚŝĐĂůƚƌĂŝŶŝŶŐĨŽƌŵĂƐƚĞƌͲůĞǀĞůƐƚƵĚĞŶƚƐŝƐƌĞĐŽŵŵĞŶĚĞĚ
ĨƌŽŵϭͬϯƚŽϮͬϯ͘
Inspiration for the next steps
&ƌŽŵƚŚĞK^dĂĐƚŝŽŶĚĞĨŝŶĞĚƚĂĐŬƐ͗
 dŽŝĚĞŶƚŝĨǇƚŚĞĂĚĞƋƵĂƚĞƉƌŽĨŝůĞ;ƐͿŽĨW^ĞǆƉĞƌƚƐ
 ^ĞƚƚŚĞďĂƐĞĨŽƌĂŶƵƌŽƉĞĂŶDĂƐƚĞƌͬWŚWƌŽŐƌĂŵŝŶDWDϰW^
ŝŶǀŽůǀŝŶŐƐĞǀĞƌĂůƵƌŽƉĞĂŶůĞĂĚŝŶŐhŶŝǀĞƌƐŝƚŝĞƐ
 WƌŽŵŽƚĞůŝƚĞƌĂƚƵƌĞŽŶƚŚĞƚŽƉŝĐ͕ǁŚŝůĞĚĞĨŝŶŝŶŐĐŽƵƌƐĞŵĂƚĞƌŝĂů
ĞǇŽŶĚƚŚĞK^dĂĐƚŝŽŶƚŽŝŶŝƚŝĂƚĞƚŚĞŶĞǆƚƐƚĞƉƐ͕Ğ͘Ő͘Z^Dh^н
ƉƌŽũĞĐƚ͗
 ĞŶĞĨŝƚƐƚŽhƵŶŝǀĞƌƐŝƚŝĞƐ͗
 WƌĂĐƚŝĐĂůƐƚĞƉƐƚŽĚĞǀĞůŽƉĂŶĚƚŽƚĞƐƚĐŽƵƌƐĞƐĂŶĚƚƌĂŝŶŝŶŐƉƌŽŐƌĂŵƐ
 KƉƉŽƌƚƵŶŝƚǇƚŽĨŝŶĂŶĐĞƚŚĞĐƌĞĂƚŝŽŶŽĨƚƌĂŝŶŝŶŐŵĂƚĞƌŝĂůƐ
 ŝƐƐĞŵŝŶĂƚŝŽŶĂŶĚĞǆƉůŽŝƚĂƚŝŽŶďĞǇŽŶĚƚŚĞK^dĂĐƚŝŽŶ
 KƉƉŽƌƚƵŶŝƚǇƚŽƐĞůĞĐƚŵŽƚŝǀĂƚĞĚƐƚƵĚĞŶƚƐĨƌŽŵhWĂƌƚŶĞƌĐŽƵŶƚƌŝĞƐ
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ǁǁǁ͘ĂƌƌŽǁŚĞĂĚ͘ĞƵ
dŚĂŶŬǇŽƵĨŽƌǇŽƵƌĂƚƚĞŶƚŝŽŶ͊
'UVFLQJ$QDWROLMV=DEDãWD
5HVHDUFKHU
,QVWLWXWHRI,QGXVWULDO(OHFWURQLFVDQG(OHFWULFDO(QJLQHHULQJ
(PDLO$QDWROLMV]DEDVWD##UWXOY
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